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ABSTRACT
Nitrogen Fixation, Ammonification, Denitrification
in Great Basin Arid Soils
by
Brian Paul Klubek, Doctor of Philosophy
Utah State University, 1977
Major Professor: Dr. John J. Skujins
Department: Biology
The inputs and losses of nitrogen from Great Basin arid soils were
studied using the acetylene reduction and

15

N techniques.

Filamentous

blue-green algae were observed to be the predominant algal group in the
soil crusts.

The bacterial association with this group of algae sug-

gests a phycosphere-like effect, thus allowing heterotrophic nitrogen

fixation and denitrification to occur.

Up to 17.5 mg N/100 g soil was

found to have been fixed in surface soils (0 to 3 em) during a threeweek incubation period, while 45.9 mg N/100 g soil was fixed in a fiveweek incubation period.

Ammonium sulfate and ammonium sulfate plus

plant material amendments reduced the gain in nitrogen by 41 to 100
percent.

Fifty to sixty percent of the applied

15

+

NH -N and
4

15 N0 -N
3

was denitrified during the first week of incubation while 70 to 80 percent of the

15

+

NH -N was lost in a three- to five-week incubation period.
4

These data suggest that a potential for heterotrophic nitrogen fixation
exists, and under optimal conditions, significant gains in soil nitrogen
may be achieved.

However, in the presence of allelochemic agents, the

potential gain in soil nitrogen may be reduced or inhibited.

In addition,

the denitrification potentials of these soils may also limit the input
of nitrogen.

ix
The application of protein ( casein) to these soils resulted in an
ammonification rate of 50 to 60 percent.

Fixed

15

N indicated a 21 to
2

48.8 percent ammonification rate, thus suggesting that the mineralization of NH

+ was the rate limiting step for nitrogen loss.
4

Ammonia volatilization accounted for less than a five percent
nitrogen loss, regardless of experimental conditions.
The inhibitory effects of plant material and litter extracts, and
''N-Serve" on heterotrophic nitrogen fixation has been assessed.

The

data suggest that the nitrogen fixing population is sensitive to the
inhibitory effects of such agents .
(152 pages)

I

li

INTRODUCTION
Nitrogen fixation by desert al gal crusts and denitrification probably constitutes the major input and loss of nitrogen into and out of
desert ecosystems (McGregor and Johnson, 1971; Mayland, Mcintosh, and
Fuller, 1966; Rychert, 1975; Rychert and Skujins, 1974; Tucker and
Westerman, 1972, 1973a, 1973b, 1974).

The nitrogen fixed by the al gal

crusts is available to desert plants (Mayland and Mcintosh, 1966); how-

I

ever, recent evidence suggests that most of the total nitrogen fixed
by algal crust is lost due to denitrification (Skujins and West, 19 74,
1975).

II

II

Because there have been very few studies assessing the environmental and ecological parameters affecting biological nitrogen fixation and
denitrification in desert soils (Rychert, 1975; Skujins and West, 1974),
no attempt has been made to investigate both of these biologi cal pro cesses simultaneously, but rather sui generis .

Most of the studies on

biological nitrogen fixation have been with more temperate ecosystems
(Hardy, Burns, and Holsten, 1973; Hardy et al., 1968), while that of
denitrification has been associated with agricultural systems (Alexander,
1967; Allison, 1955, and 1966).
This study quantifies the potential losses and inputs of nitrogen
from Great Basin desert soils.

Acetylene reduction and

15

N isotope

techniques were used t o measure the potentials of nitrogen fixation,
ammonia volatilization and denitrification.

The acetylene reduction

technique has proved to be a useful and valid method to measure biological nitrogen fixation (Hardy, Holsten, Jackson, and Burns, 1968; Stewart,
Fitzgerald, and Burris, 1967), while the 15 N method has been successful

2

in quantitatively measuring the transformations of nitrogen (Bremner,
1965b; Burris, Eppling, Wahlin, and Wilson, 1943; Hiltbold, Bartholomew
and Werkman, 1951; Jansson, 1971).
In this study, the acetylene reduction technique was used to measure heterotrophic nitrogen fixation potentials of soil crusts retrieved
from Curlew Valley and Pine Valley, Utah.

The effect of plant material

and plant litter extra cts, and "N-Serve" on these biological potentials
was also assessed by this technique.
Ammonia volatilization and denitrification was measured by

15

N

methodology under air-drying moisture regimes and in the presence of the
nitrification inhibitor, "N-Serve" 2-chloro-6-(trichloromethyl) pyridine,
Dow Chemical.
The

15

N isotope technique was also used to measure nitrogen fixa -

tion by soil crusts and to determine the flux in organic and inorganic
nitrogen during crus t decomposition .
Chemicals released by plants may be toxic or inhibitory to soil
microorganisms and may exert some a llelopathic effects (Whittaker, 1970;
Whittaker and Feeny, 19 71).

Such effects have been demonstrated in

Great Basin desert soils (Rychert, 1975; Skujins and West, 1974), in
which nitrogen fixation, and the second step of nitrification was
observed to be sensitive to such chemicals.

In this study, the effect

of allelochemics on nitrogen loss was examined.

li

l

HYPOTHESES
The hypotheses tested in this study are as follows:
1.

Ammonia volatilization losses will be greater from those soils
which are wetted and allowed to air dry than from those soils
wetted and maintained at a constant moisture.

2.

Allelochemic substances from plant material will enhance the volatile and denitrified losses of applied ammonium, whereas the application of "N-Serve" or plant litter may retard one or both of these
potential sources of nitrogen loss.

3.

The ammonification process will be the rate limiting step for nitrogen loss .

4.

Heterotrophic nitrogen fixation potentials will be minimal in the
input of nitrogen.

I!
1:
II

I

4
LITERATURE

REVIEI~

Nitrogen fixation in arid ecosystems.
Blue-green algae are the primary agents for biological dinitrogen
fixation in deserts or arid regions.

The majority of blue-green algae

which fix nitrogen are assumed to be heterocystous, although nonheterocystous blue-greens are also capable of nitrogen fixation (Stewart,
1973).

Stewart (1971) was also able to show that the non-heterocystous

blue-green alga, Plectonema borynum, was able to fix nitrogen microaerophilically but not aerobically.

Thus, microenvironmental conditions

where reduced oxygen tensions may exist would promote the fixation of
nitrogen by both the heterocystous and non-heterocystous blue-green
algae.
Desert algal crusts are usually found on neutral to alkaline soils.
Mayland, Mcintosh, and Fuller (1966) were able to show that algal crusts
in the Sornoran Desert had a net

15N fixation rate of 0.18 kg N/ha2

day under continuous moist conditions, while a rate of 0.11 kg N/haday was observed under cyclical wet-dry conditions.

Further, it was

also shown that growing algal crusts excreted 1 to 2% of the total crust
nitrogen as extracellular ammonium-nitrogen, and that grass seedlings
could assimilate a portion of this fixed

15N •
2

MacGregor and Johnson (1971) had observed that premoistened Sonoran
algal crust produced 78

±

first hour of incubation .

2
5 nanomoles of ethylene/cm /hr based on the
From these values, it was then estimated that

three to four grams of nitrogen per hectare-hour might be fixed following a rainfall.

5
In earlier studies on Sonoran desert crusts, Fletcher and Martin

(1948) had noted the absence of Azotobacter but were able to identify
the blue-green alga Oscillatoria, Nostoc, Microcoleus, and

~dularia.

rn addition, these crusts were also found to contain 400% more nitrogen
than the surface soil beneath the crusts.
Cameron and Fuller (1960) similarly noted the absence of Azotobacter in Sonoran algal crusts and it was then assumed that the biological nitrogen fixation input was by the blue-green algae.

The genera

Nostoc, Scytonema, and Anabaena were isolated and all shown to be capable of nitrogen fixation, while Fuller, Cameron, and Raica (1960) were
able to demonstrate

15

N fixation by these same crusts.
2

The Sonoran

a l gal crusts were also observed to be higher in nitrogen and carbon than
in the subsurface layers.
Tn later studies, Cameron (1962) had noted a wide distribution of
Nostoc species in the Sonoran desert.

Nostoc muscorum and Scytonerna

hofmanii were found to be most common in the lichen crusts while Nostoc
microscopicum and Nostoc elleposperum were in an association with mosses.

The l ichens were also observed to be more resistant to dessication, and
retained moisture for longer periods of time than in the surrounding
soil.

Air-dried algal lichen crusts were also capable of revival fol-

lowing four years of dessication.
Microscopic examinations of Nevada desert crusts by Shields and
Drouet (1962) revealed that Nostoc commune and Scytonema hofmanii were
the only blue-green algae found in a lichen association.

However,

Hicrocoleus vaginatus, Schizothrix californica and Schizo thrix

acutissima were also observed to be present.

In addition, these crusts

were found to have twice the amount of nitrogen in the surface 1.27 em

6

than in areas where the curst was absent.

Lichen development was ob-

served to occur on the lower part of the hummock beneath plant canopies
whereas water draining mosses (Grimmia) were found to grow on the upper

part of the hummock, and thus in the more xeric environment.
In more recent studies, Hunter, Wallace, Romney and Wieland (1975)
measured acetylene reduction by root and soil samples associated with
shrub species and lichen crust at Rock Valley, Nevada.

The amount of

acetylene reduced ranged from 10 to 50 ppm ethylene for the tested soil
samples and 0 to 1210 ppm ethylene for the root samples.

Although these

results were erratic with respect to time and plant species, a total of
fourteen non-leguminous species (roots or rhizospheres) had been qualitatively determined positive in acetylene reduction assays.

The authors

had also estimated that the major input of nitrogen in the northern
Mohave desert was probably via "semisymbiotic" fixation.

In the southcentral arid zone in Australia, Tehan and

Beadle (1955)

screened for the presence of Azotobacter and blue-green algae.

It was

shown that Azotobacter was found in eleven of thirty soil samples, and
their numbers were less than 50 cells/g soil.

Blue-green algae were

observed in eighteen of thirty samples, with Nostoc and Anabaena as the
dominant genera.

Moreover, the algae frequently occurred at the under-

surface of quartz pebbles.

In the laboratory, these algae were also

capable of nitorgen fixation.
Rogers, Lange, and Nicholas (1966) investigated lichen crusts in
the same arid regions of Australia.

It was found that the lichen

Collema coccophorus (with a Nostoc phycobiont) incorporated
atom percent excess values of 0.0073 to 0.97.

15

N with
2

8

apparent short "tool-up" time required for the initiation of photosynthetic activity (Lynn and Cameron, 1973).
In more recent studies, Lynn and Vogelsberg (1974) conducted vegeta tive kill experimen ts at selected sites in Curlew Valley.

When algal

crust comparisons were made between the kill and control plots, no major
differences in numbers of viable organisms were noted after one postkill year.

Thus the recovery rate of non-physic ally disrupted algal

crust was very rapid.

In the same study, statistical analyses were applied to soil moisture, algal biomass, total carbon and total nitrogen.

The interpreta-

tion of these results indicated that the soil moisture (0 - 1 em depth)
demonstrated the best relationship with biomass, total carbon and nitrogen.

A lack of correlation was found to occur between the algal biomass

and the carbon and nitrogen content of the soil.

It was therefore sug-

ges ted that increased moisture not only favored algal growth and the
fixation of carbon and nitrogen, but also decomposition, thus resulting
in the loss of carbon and nitrogen.
Sorensen and Porcella (1974) reported on the fixation of nitrogen
by Curlew Valley crust.

It was observed that most of the in situ nitro-

gen fixation activity appeared to occur at temperatures around 20"C and
at soil moistures greater than five percent .

Data from laborat ory fixa-

tion experiments indicated that the fixation rate, at higher temperatures (20" and 3l"C), rapidly increased to some maximum value after
wetting, followed by a decline as the incubation period was continued
over 24 hrs.

At lower temperatures (10° to 15"C) the fixation activity

increased more slowly and approached an apparent plateau, without any
decline during the incubation period.

When the algal crust was

9

incubated at lO"C with alternating 12 hrs light and dark periods, the
amount of reduced acetylene a t the end of the second and third 12 hrs
light period was equivalent to that amount after 14 hrs of continuous
light.

It was therefore proposed that a wetting of the crust at low

temperatures, such as those encountered in the early spring and late
fal l , delays the algal crust in reaching its maximum rate of nitrogen
fixation for as much as two days following a rainfall event.
In the same study, direct microscopic examinations of soil c rus t

were made.

Members of the Oscillatoriaceae, including large numbers of

Microcoleus sp. were observed.

Other observed algae included diatoms

and Trebouxia, which was noted to be in a lichen thalli association.

No

he terocystous algae were observed until spherical opaque structur es of
the lichen thalli were rup t ured.

It was then determined that these

spherical structu res proved to be colonies of Nostoc sp.

Skujins and West (1974) have repor t ed on
soil crusts.
15

15

N fixation by Curlew
2

From their data, it was estimated that the fixation of

N may be as high as 2 kg N/ha/hr .
2

In situ studies indicated that a

diurnal pattern exis t s with a maximum rate of fixation occurring between 8 and 10 a . m.

Because the recorded moisture tensions of the crust

at Artemisia, Ceratoides and Atriplex dominated sites were on the order
of several hundred bars, it was suggested that nitrogen fixation may
only occ ur during the early morning hours when the crust is wet with
dew .
Rychert and Skujins (1974) quantitatively measured the nitrogen
fixation potential of three s oils in southern Curlew Valley by the
acetylene technique.

It was observed that nitrogen fixation by the

lichen c rusts had ceased below a moisture tension of -3 bar and had a

10
temperature optimum of about 19° to 23°C under illuminated conditions .
It was also noted that dark nitrogen fixation occurred and varied from
5 to 30 percent of the photosynthetic nitrogen fixation.

Thus, it was

suggested that nitrogen fixation in the field probably occurs in the
spring and fa ll rainy seasons, and that temperature would be the limiting factor in the winter, while moisture would be the limiting factor
during the hot and dry summer.
In the same study, in situ and in vitro acetylene reduction assays
were compared, and from thes e data, the laboratory assays had maximum
values of 84 g N/ha/hr, while in situ measurements were 13 to 18 percent of the in vitro assays or 14 g N fixed/ha/hr.

Thus, annual esti-

mates of biologically fixed nitrogen ranged from 10 to 100 kg nitrogen,
based upon an assumed 120 days of fixation.
Rychert (1975) had also observed that the lichen crusts are absent
or greatly reduced under the canopies of the desert shrubs Artemisia
tridentata,

~·

lanata and Atriplex confertifolia.

It was therefore sug-

gested that shrub allelochemics may play a role in the input of nitrogen.

In testing this hypothesis, leaf aqueous extracts and leaf vola-

tile products of Artemisia tridentata, Atriplex confertifolia, and

~·

lanata were used to examine for the inhibition of acetylene reduction
by th e lichen crusts.

The results of these experiments indicated that

crusts moistened with leaf extracts demonstrated a 65 to 100% inhibition
of acetylene reduction, while crusts exposed to leaf volatile products
experienced a 56 to 59% inhibition.

Further, leaf soak filtrates also

inhibited acetylene reduction by 35 to 96%.
Rice (1964) also reported on allelopathic inhibitors of nitrogen
fixation and nitrification in abandoned agricultural fields.

11
Azotobacter, Rhizobium,

Nitrosomona~,

and Nitrobacter were all found to

be inhibited in some degree by a disc diffusion technique on a solid
medium.

Root extracts, leaves, inflorescences and plant extracts demon-

strated considerable variability among the selected plant species when
attempts were made to determine which organ might contain the greatest
amount of inhibitor.

Leachates from test pots of 10 species grown in

sand culture were also inhibitory to one or more of the test microorganisms.

Thus, it was suggested that the occurrence of inhibitors of

nitrogen-fixing and nitrifying bacteria in the pioneer species of
abandoned agricultural fields might be an important mechanism among
plants in competition.
Heterotrophic nitrogen fixation was also determined.
found to potentiate 9.33 x 10-

8

Glucose was

to 6.62 x 10- 6 g N/g soil/48 hr.

In

addition, no ethy lene was detected from moistened soils in the absence

of glucose.

It was suggested that the amount of available carbon in the

soil is too low to support heterotrophic nitrogen fixation (Rychert, 1975).
Snyder and Wullstein (1973) also studied the role played by the
cryptogamic crust of the Great Basin Desert in the fixation of nitrogen .
The lichens Peltigera rufescens and Dermatocarpon lachneum were observed
to have significant accumulations of ethylene over the controls.
~·

Nostoc

were the implicated blue-greens responsible for the reduction of

acetylene.

However, the moss Grimmia

~·

in association with soil was

also observed to produce higher levels of ethylene than in the controls.
Moreover, the soil particles alone also reduced acetylene .

It was also

determined that Azotobacter associated with Grimmia laevigata could also
reduce acetylene .

Since Azotobacter-like organisms were found to be

present in all of the cryptograms, as well as in an association with the
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mosses, it was sugges ted that such Az otobacter-like organisms were

important potential nitrogen fixers.

Lichen blue-green phycobiont s

and free living blue-green algae were also implicated as important
fixers of nitrogen in these arid soils.
Fransworth, Kent and Lott (1976) have reported the presence of
nodules on the nonlegumes of Artemisia ludoviciana and Artemisia rnichauxiana.

Young nodules found at a depth of 5 to 7.5 ern were observed

to be active in the reduction of ace tylene, while older nodules lacked
the reduction ability.
Allelopathic inhibitors or chemicals have also been suggested by
Went (1970) to be more common in arid regions.

Since most of the micro-

bial decomposition activities in dry areas are restricted to short, we t
periods, the persistence of allelopathic inhibitors may be possible .
Thus, s hrub leachates might then assume significance in nitrogen fixa-

tion or other transformations in the nitrogen cycle.

Whittaker and

Feeny (1971) have given an excellent review on allelochemics and chemical interactions between species.

Ammonification in arid ecosystems.

Patel (1972) examined the ammonification potential of Curlew Valley
soils at several moisture regimes.

It was observed in casein ammended

soi l s that the rate of ammonification increased as the water holding
capacity increased from 25 to 75%.

Further, the rate of decomposition

was optimal at water holding capacities of 50 to 100%.

However, the

ammonifi cation potential of litter amended soils did not demonstrate
any significant differences in decomposition rates as the moisture content was increased.

Ammonia volatilization was also measured in this
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study, and it was determined that the greatest loss of ammonia occurred
at a water content of 40% by weight.
Staffeldt and Vogt (1974) have reported on ca rbon and nitrogen
changes in the desert soils of the Jornada site.
were measured in terms of

co 2

Decomposition rates

release and ammonia volatilization.

How-

ever, no ammonia loss was detected during the course of their investigation, while C0

2

measurements ranged from 2-16 g

co 2 /24

2
hr/m .

Skujins (1975) has also reported on the ammonification potential of
Curlew Valley soils using egg albumin, 1-leucine or plant ma terial as
s ubstrate.

Except for the Atriplex dominated soil, it was observed that

no ammonia volatilization had occurred in the egg albumin treated soils.
Further, the cultivated comparison soil, when amended with alfalfa,
exhibited a greater release of ammonia than the desert soil treated with
Atriplex plant material.

However, it was also noted that when the per-

cent plant material added to the desert soil was increased, higher
levels of exchangeable ammonium were found.

Thus, the actual amount of

ammonia release was dependent upon the substrate and quantity used.
Denitrification in arid ecosystems.

Skujins and West (1974) have reported on the denitrification losses
of

15

N from Curlew Valley desert soils.

algal fixed

15

It was found that 19% of the

N was lost in 9 days under simulated field conditions.
2

Further, it was also observed that after a 10-week time period, 99% of
the algal fixed

15
N was lost due to denitrification.

However,

15

N loss

was reduced to 40% when in the presence of decomposing leaf litter.
Tucker and Westerman (1972, 1973 a and b, 1974) have also reported
on

15

N denitrification experiments in Sonoran Desert soils.

It was ob-

served that the magnitude of denitrification appears to be dependent
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upon an adeq uate carbon source, temperature, and moisture.

Of these,

organic car bon was found t o have the greatest effect on the gaseous loss
of nitrogen.

15
Thirty-eight point five percent of the added K N0

3

was

lost in soils amended with organic carbon, while 14.5 percent was lost
in the absence of an organic carbon source.

Further, field studies have

also shown that mi crobial respiration was influenced by carbon and
nitrogen amendments .

Thus, it was observed that ground barley grain had

a greater stimulatory effect on soil respiration than any other amendment applied to the soil.

However, soils amended with ammonium-nitrogen

plus barley grain demonstrated greater respiration rates than nitrate
plus wheat straw treated soils.

Thus, it was suggested that increasing

the organic content in Sonoran Desert soils not only stimu lat es denitrification, but also may increase the immobilization rate of nitrogen as
well .
Microorganisms and nitrogen fixation.

The class ical microorganisms capable of nitrogen fixation are the
species of Azotobacter, Clostridium, Rhizobium, and several blue-green
algae.

At present, the following list of microorganismshavebeen veri-

fied to be capable of nitrogen fixation (Alexander, 1967; Brock, 1970;
Fogg, Stewar t, Fay, and Walsby, 1973):
1.

Heterotrophic bacteria:

Achromobacter, Azotobacter, Azotomonas,

Bacillus polymyxa, Beijerinckia, Clostridium, Desulfovibrio
desulfuricans, Enterobacter, Klebsiella, Nocardia, Pseudomonas
and Spirillum.
2.

Chemoautotrophic bacteria:

3.

Photosynthe tic bacteria:

Methanobacillus omelianskii.
Chlorobium, Chromatium, Methanobacterium,

Rhodomicrobium, Rhodopseudomonas, and Rhodospirillum.
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4.

Symbiotic bacteria:

Rhizobium, Streptomycetes.

5.

Blue-green algae (heterocyst-formers):
Aulosira, Calothrix, Chlorogloea,

Anabaena, Anabaenopsis,

Cylindr~rmum,

Fischerella,

Mastigocladus, Nostoc, Scytonema, Stigonema, and Tolypothrix.
6.

Blue-green algae (non-heterocyst-formers):

Gloeocapsa,

~.

Oscillatoria, Phormidium, and Plectonema.
Nitrogen fixation by the free living heterotrophic bacteria such as
Azotobacter and Clostridium is limited by the amount of available organic
carbon.

Efficiencies of 5 to 20 mg N and 6 to 8 mg N fixed/g of sugar

oxidized have been reported for Azotobacter and Clostridium respectively
(Alexander, 1967).

Further, O'Toole and Knowles (1973a, 1973b) have

observed that glucose and mannitol could increase nitrogen fixation in a
sandy loam field, and that greater anaerobic efficiencies were obtained.
However, it was also suggested that under aerobic conditions, intense

competition for available carbohydrate would occur, and thus result in
low aerobic efficiencies.

Dobereiner, Day, and Dart (1972), Dommergue,

Balandr eau, Rinaudo and Weinhard (1973) have recently reported significant non-symbiotic nitrogen fixation in the plant rhizosphere.
Dobereiner et al. (1972) have reported on the rhizosph ere association of the grass Paspalum notatum and the bacterium Azotobacter paspali.
It was observed that the roots of the cultivar, batatais, was colonized
by A. paspali and possessed nitrogenase activity.
found to produce 1 to 32 nm

c2H4 /g

was not found to be colonized
genase activity.

by~·

dry wt/hr.

Root samples were

The cultivar, pensacola,

paspali, and did not possess nitro-

When soil-plant cores were maintained on a 16-hour day

and 8-hour night, no diurnal fluctuation in nitrogenase activity was observed.

However, activity had declined when the dark period was extended
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beyond 8 hours, but was restored when the soil-plant cores were returned
to the light.

The roots and the rhizomes had the most activity, and

washing had removed less than half of the nitrogenase activity.
numbers of

~·

Greate r

paspali were found to be associated with roots of active

plants than with less active plants.
Dommergue et al. (1973) had noted that nitrogenase activity gradually increased when a young growing plant entered into its intense
photosynthetic phase and that the nitrogenase activity greatly responded
to light intensity.

Further, when the shoots were severed, the nitro-

genase activity in the rhizosphere had ceased.
Stefansen (1973) has also reported on nitrogenase activity in the
rhizosphere and determined that the fixation rate was from 1 to 10 percent of the denitrification rate evolved over a 40-day period.

Further,

the gains in non -symbiotic nitrogen fixation were recorded as the soil

water content, the soil organic carbon content, and the clay content

increased in near neutral soils.

From these data it was proposed that

nitrogen fixation was related to the development of anaerobic sites in
the soil mass .
The photosynthetic nitrogen fixing bacteria are generally found to
occur in flooded soils, lake muds or sea bottoms, but are usually absent
from agricultural soils.

Nitrogen assimilation is very slow, and peri-

ods of weeks are required for any substantial gain in fixed nitrogen
(Alexander, 1967).
Blue-green algae usually grow favorably under reduced conditions,
and cell free extracts of nitrogenase are sensitive to oxygen.

It has

been observed that oxygen concentrations of greater than 20 percent were
required to inhibit intact cell nitrogen fixation (Stewart, 1971).
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Heterocysts of aerobically grown Anabaena cylindrica were found to reduce nitrogen at a rate greater than the average per-cell fixation by
intact filaments (Wolk and Wojciuck, 1971).

However, when heterocyst

suspensions were prepared from intact filaments, only a 30 percent
recovery of nitrogenase activity was obtained.

Thus, a structural rela-

tionship between the heterocysts and the vegetative cells in protecting
the nitrogenase system from oxygen inhibition is implied, as heterocysts are rapidly inactivated under aerobic conditions.
Nostoc, Scytonema, Calothrix, Stigonema, and Dichithrix have been
observed to occur in lichens.

Photosynthetically fixed carbon is trans-

ferred to the symbiotic fungus in association with mycobiont respiration, thus possibly encouraging low p0

2

concentrations.

Further, cyclic

photophosphorylation is thought to supply the required ATP for the fixation process (Fogg et al., 1973; Stewart, 1973).
The lichen Peltigera aphthosa, with a Nostoc symbiont, was found to
fix

15

1969).

N at a rate of 3.6 ~g N/day/~g algal N (Millbank and Kershaw,
2
The same authors had also observed that in general, the lichens

which fixed nitrogen have Nostoc as the symbiont.

Furthermore, Millbank

(1972) had demonstrated that the nitrogenase activity of the lichen
Peltigera canina was sensitive to sectioning of the thallus.

When

Nostoc cells were separated from the mycobiont by density centrifugation,
no capacity for acetylene reduction was noted.

It was therefore sug-

gested that the mycobiont may function in the reduction of light intensity and oxygen tension over the algal symbiont .
Nitrogen fixation by Rhizobium in association with legume nodules
is an important source of agricultural nitrogen (Dalton and Mortensen,
1972) .

The Rhizobia are quite similar to Agrobacterium radiobact er, a
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bacterium which is unable to infect legume roots.

There are six species

of Rhizobium which are not entirely distinct and can be only differentiated on the basis of nodulation in test host plants.
inoculation groups have been established.

Hence, cross-

That is, a group of legumin-

ous species, when exposed to bacteria obtained from nodules from other
members of the same group, develop nodules.

Thus, a single cross-

inoculation group is one which ideally includes all host species that
are infected by the same bacterium.
Once infection occurs, a swelling of the root ensues until nodules
are formed.

There the rhizobia assume pleomorphic shapes and are then

termed bacteroids.

tion may not occur.

However, once nodulation is complete, nitrogen fixa-

An effective strain which is capable of fixation

in one host plant may be partially or totally ineffective in another
host.

In addition, soil temperature, day length, light intensity, shad-

ing, and C0

2

levels have also been found to influence the development of

the symbiotic association.

Thus, in absolute terms, it is not feasible

to determine that a given strain is totally effective or ineffective
(Alexander, 1967; Fahraeus and Ljunggren, 1967).
Microorganisms and ammonification.
The soil microflora of ammonifiers is composed of a diverse group
of bacteria, fungi and actinomycetes which attack some forms of organic
nitrogen and liberate ammonium-nitrogen (Alexander, 1967).

However, the

amount of ammonium which is released is dependent upon the organism
involved, the substrate, the soil type, and the environmental conditions.

Proteins are readily decomposed by species of Bacillus,

Clostridium, Micrococcus, Pseudomonas, and Serratia.

During aerobic

proteolytic decomposition, carbon dioxide, ammonium-nitrogen, sulfate,
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and water are the major end produ ct s , whil e under anaerobic decomposition or putrefication, ammonium, amines, c arbon dioxide, organic

acids, indole, skatole, mercaptans, and hydrogen sulfide are the usual
final products.
The fungi also decompose proteins, amino acids, and other organic
nitrogen compounds, resulting in the release of ammonia.

However, the

fungi are known for a lower ammonium release than the bacteria as the
nitrogen is assimilated for cell synthesis.

The fungi play a dominant

role in proteolytic activities in acid soils .
The actinomycetes are also known to produce extracellular protea ses,
but due to their slow rate of growth their role in soil proteolysis is
not fully understood (Bechtereva, Kosheleva, and Khrisanovskaya, 1958).
Microorganisms and denitrif ication.
The ability of microorganisms to denitrify nitrate-nitrogen to
nitrous oxide or nitrogen gas is limited to certain bacteria.

Achromo-

bacter, Alcaligenes, Bacillus, Chromobacterium, Corynebacterium, Halobacterium,

~1icrococcus,

Moraxella, Nitrosomonas, Propionibacterium,

Pseudomonas, Spirill um, Thiobacillus, and Xanthomonas are the reportedly
known chemosynthetic bacteria capable of dissimilatory denitrification
(Payne, 1973).
The denitrifying bacter ia are all aerobic, but are able to utilize
nitrate as an electron acceptor for growth under anaerobic conditions
(Alexander, 1967).

However, the observed nitrite reduction to nitric

and nitrous oxide by Nitrosomonas is uncertain as a means for respiration (Payne, 1973) although Ritchie and Nicholas (1972) have proposed
that such a reduction might be utilized as a mechanism of survival during periods of anaerobiosis.
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The fungi and actinomycetes are not known to be capable of dissimilatory n itrate reduction, although any organism which is ab l e to reduce
the pH and subsequently allow for the abiotic r eac tion between amino
g roup s and nitrite would be ind i r ec tly respon sib l e for the gaseous loss
of nitrogen (Alexander, 1967 ).
Biochemistry and determination of nitrogen fixation.
The biochemistry of nitrogen fixation has been extensively reviewed.
Ber ge r son (1970), Dalten and Mortenson (1972), Hardy and Burns (1968),
and Hardy, Burns, and Holsten (1973) are most noteworthy.
Molecular nitrogen (N ) is reduced to i ts end product ammonia by
2
the enzyme complex nitrogenase, a complex of two proteins, neither of

which demonstrates activity by itself.

One is a molybdenum-iron-sulfur

prot ein (Mo-Fe protein) composed of two subunits having a molecu lar
weight of about 220 , 000.

The molybdenum appears to function in t he

reduction of nitrogen bonds .

The other protein is an iron protein which

has a molecular weight of 60,000 and functions in the binding of nitrogen .

The two proteins from the nitrogenase complex in a ratio of one

Mo-Fe protein to two Fe proteins.

The reducing power for nitrogen

fixation is derived from reduced ferredoxin, where six electrons are
required to drive the enzymatic reaction .

In addition, one molecule of

ATP is required for each transferred electron.

Thus, the overall rea c-

tion is (from Lehni nger, 1970):

N + 6H+ + 6e- + 12 ATP + 12H
2

o

2

+

2NH

3

+ 12 ADP + 12 Pi.

The Km of nitrogenase for nitrogen was found to be 0.2 atm in both bluegreen algae and soybean nodules, thus indicating that the enzyme comp lex
is fully saturated at the normal partial pressure of nitrogen in air
(0.8 atm).
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Nitrogen fixation has been determined by Kjeldahl steam distillation, 15 N and acetylene reduction methodologies.

The

15
N technique is a

thousand times more sensitive than the Kjeldahl steam distillation,
while the acetylene reduction method is a thousand times more sensitive
than the
The

15
15

N technique (Hardy, Burns, and Holsten, 1973).
N tracer technique is particularly valuable for laboratory

and greenhouse experiments, where large amounts of

15

N are not necessary

to obtain the desired information on nitrogen cycling.
high cost and limited availability of
field (Hauck, 1973).

15

However, the

N have restricted its use in the

Furthermore, Delwiche and Steyn (1970) have shown

some discrimination in favor of the lighter (

14

N) isotope in the fixa-

tion of nitrogen and the oxidation and assimilation of ammonium.

How-

ever, Hauck (1973) contends that the overall effect of discrimination
in closed systems described by Delwiche and Steyn (1970) is dependent
upon the extent to which the nitrogen transformation has gone to completion.
The use of

15
N depleted materials are also attracting recent inter-

est because of their availability in large amounts at a relatively low
cost.

However, the use of such materials is limited by instrument sensi-

tivity and the difference between the
14

15

N concentration of the tracer and

N (Hauck, 1973).
The acetylene reduction assay is useful for both laboratory and in

situ studies with a large diversity of biological systems capable of
nitrogen fixation (Hardy, et al., 1968).

The use of acetylene reduction

is based on the fundamental assumption that three moles of acetylene

reduced is equivalent to one mole of dinitrogen (N ) fixed.
2

In bacteria,

blue-green algae and nitrogenase preparations average ratios of 4.3,
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3.2 and 3.6 have been respectively obtained (Hardy, Burns, and Holsten,
1973).

However, the acetylene reduction technique also has a key draw-

back in that ethylene does not act as an end product inhibitor on nitrogenase as does ammonia.

Thus, depending upon the experimental cond i-

tions, over estimates of potential dinitrogen fixation may be obtained
(Hardy, Burns, and Holsten, 1973).
Biochemistry and determination of ammonification.
The biochemistry of ammonification has been adequately reviewed by
Alexander (1967).

The actual ammonification process cannot occur until

protein molecules are first cleaved into smaller units of peptides by
extracellular proteases.

Once the peptides are assimilated by the cell,

they are further reduced into their constituent amino acids followed by
several mechanisms for amino acid degradation or deamination.

Direct,

oxidative and reductive deaminations are recognized as the responsible
enzymatic activities for the deamination process.

However, the release

of ammonia from the ce ll to the environment only occurs when there is an
excess of nitrogen not required by the microbial cells .

The amount of

nitrogen required by cells is dependent upon the carbon content of the
soil.

Thus, a C/N ratio of soils less than 15:1 usually results in the

release of ammonia, while ratios of 20:1, or 25:1, or greater frequently
results in the uptake and retention of the soil nitrogen.

Further, Kai,

Ahmed, and Harada (1969) studied the factors influencing the immobilization process and showed that the uptake of soil nitro gen is a continuous
process.

Thus, the wider the C/N ratio, the greater the rate of immobi-

lization.
The most common methods for the determination of ammonification is
that of Goreing (1962), and Hughes and Welch (1970).

Soil is amended

23
with a protein substrate, such as casein or albumin, plus the nitrification inhibitor N-Serve [2-chloro-6 (trichlor omethyl) pyridine].

Upon

completion of the desired incubation period the soil is analyzed for the
organic and inorganic fractions of nitrogen by the Kjeldahl steam distillation, in addition to the determination of volatile ammonia loss by
Nesslerization.
Biochemistry and determination of denitrificat ion.
The biochemistry of denitrification has received excellent reviews
by Alexander (1967), Broadbent and Clark (1965), Campbell and Lees
(1967), Delwiche (1956), and Payne (1973).
Nitrate nitrogen is first reduced to nitrite nitrogen by the particle bound enzyme nitrate reductase (Payne, 1973).

When oxygen becomes

limiting, a branch at the cytochrome b level (from the oxygen terminated
electron-transport chain) occurs and different c type cytochromes are
produced for the electron transfer required by nitrate reduction.

NAD ,

FAD, or FMN and more recently quinones (Payne, 1973) have been determined as the cofactors responsible for electron transfer.

Further, the

catabolic products of glucose fermentation have been found to differ
from nitrate respiration by Enterobactor aerogenes.

Hydrogen is not

produced and the production of ethanol and formate declines, while
pyruvate is formed with increases in carbon dioxide and acetate production.

In addition, a formate dehydrogenase, which is distinct from the

formate dehydrogenase of the formic dehydrogenlyase system, is specifically associated with nitrate reduction in Escherichia coli K-12 and
Proteus mirabilis.

Furthermore, two specific and distinct types of

cytochrome b,

coli K-12 are oxidizable by nitrate, reducible by

in~·

formate, and functional in membrane preparations, neither of which
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supports formate-linked nitrate reduction as demonstrated by mutants
lacking either formate reduct ase or cytochrome b,-nitrate reductase.
However, when extracts of membranes of the two mutants are mixed, the

capacity for nitrate reduction is restored (De Grout and Stouthamer,
1970; Ruiz-Herrera, Showe, and De Moss, 1969).

It is also worth men-

tioning that there are two nitrate reductases, A and B (Payne, 1973).
The former functions as a respiratory enzyme, while the latter functions
as an assimilatory enzyme.

A number of properties are distinct (reduc-

tase A is membrane bound, while reductase B is a soluble enzyme) but the
significance of each is uncertain (Payne, 1973).
A diagrammatic scheme for elec tron transport in nitrate reduction

is given below (Payne, 1973).
Organic substrate

Second b-type~ c-type
cytochrome
cytochrome

~

Formate

~

I

NAD +Flavine + Quinone+ Cytochrome b

I

1

+ [Mo(V) ·Fe

+3

-S

-2

] + N0

3

Once nitrate-nitrogen is reduced to nitrite-nitrogen, electron
transfer for the production of N and N o is mediated by nitrite, nitric
2
2
oxide, and nitrous oxide reductases (Payne, 1973).

The nitrite and

nitric oxide reductases are soluble, whil e the nitrous oxide reductase
is membrane bound.

All of the r educ tases are inducible, and it has been

observed that the derepression of reductase synthesis is influenced more
by the lack of oxygen rather than the presence of an electron acceptor,
s uch as nitrite.

Further, nitrous oxide reductase experien ces less

repression by oxygen than the other reductases.

However, the initiation

of synthesis of all the reductases occurs simultaneously, even when

lr
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aerobically grown cells are harvested and inoculated anaerobically in
the presence of nitrate.

It is suggested then, that the rates of the

enzymes' activities are regulated rather than their synthesis.
Of recen t interest, the ammonium oxidizer Ni t rosomonas europea
possesses enzymes which catalyze a hydroxylamine-dependent reduction of
nitrite to nitric oxide and nitrous oxide (Hooper, 1968; Ritchie and
Nicholas, 1972; Yoshida and Alexander, 1970).

Yoshida and Alexander

(1970) also provide evidence for the oxidation of ammonium-nitrogen to
nitrous oxide .

Although not fully understood, it is thought that such a

mechanism might be used as an aid by Nitrosomonas for survival during
anaerobiosis (Ritchie and Nicholas, 1972).

A diagrammatic scheme for

the entire dissimulatory reduction in P. perfectomarinus is given below
(from Payne, 1973):

Reduced

(a)

a

= Nitrate reductase

b

Nitrite reductase

(b)

(c)

(d)

c = Nitric oxide reductase
d : Nitrous oxide reduct ase
As a final note, the production of N is greatest in environments whose
2
pH is greater than 6.5, while N o predominates as the end product in the
2
pH range of 6.0 - 6.5.
pH is low.

Similarly, NO appears significant only when the
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Measurements of denitrificat ion a re made by the
gas chromatographic technique s .

15

N isotopic and

15
The
N methodology h as been used in

15

N labeled N 0, and N as well as by differen ce in the amount
2
2
15
15
of
N at the end of an experimen tal time pe riod from the initial
N

meas uring

content.

Because of the expense and technical demands of mass spec-

trometry, gas chromatographic analysis of the nitrogen oxides is now
recounnended.
Biochemistry of ammonium oxidation and its inhibition.
The biochemical mechanism of ammonium oxidation by chemaut o trophs
has been obscure until recentl y .

Campbell and Lees (1967) have pro-

posed a three-step process for ammonium oxidation in whcih hydroxylamine is the end product of the first step.

Further, supporting evidence

indicates that at pH 7.0 (which is optimal for Nitrosomonas) ammonia
exists primarily in the ammonium form while hydroxylami ne is foun d in
the non-ionized state.
understood.

Howeve r, the oxidation of hydroxylamine is l ess

It is thought that one mole of hydroxy lamine reacts with

one mol e of nitrous acid forming nitrohydroxylamine, which is in turn
oxidized to nitrous acid.

Furthermore, the nitrohydroxylamine for ma-

tion step is also thought to product the necessary reducing power for
driving the cytochrome system.

A summary of ammonium oxidation i s as

follows ( f rom Campbell and Lees, 1967):

~ NH 0H + H+

Step 1:

NH: + 1/20

Step 2:

NH 20H + HN0 ·• N0 2NH OH + 2 H
2

Step 3:

N0 NH OH + 1/20
2
2

2

2

~

2HN0

2

Hence, a direct oxidation occurs without involving any cytochrome system,
or aux iliary carriers.

The nitrite is then passed into the environment

by the Nitrosomonas cells.
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The oxidation of ammonium is inhibited quit e strongly by allyl
thiourea or other inhibitors of copper enzymes.

For example, 10- 7M

thiourea i nhib its the oxidation of ammonium, but not the oxidation of
hydroxylamine to nitrite (Campbell and Lees, 1967).

Further, hydrazine

has been found to inhibit the hydroxylamine reduction, but a much weaker
inhibitor of ammonium oxidation.

Since thiourea and hydrazine are con-

sidered to be copper enzyme inhibitors, it strongly suggests that some
part of the ammonium oxidation system possesses a copper enzyme.

Of

f urther interest, "N-Serve" [2-chloro-6-(trichloromethyl) pyridine] has
been observed to produce the same inhibitory effect on ammonium oxidation as thiourea.

Campbell and Aleem (1965) have further shown that the

inhibition by "N-Serve" can be reversed by the addition of copper, or
less markedly by the addition of ferrous-iron.

Ammonium oxidation may

also be interrupted by physical means such as freeze-thaw thus destroy-

ing the characteristic cell wall bound lamella of Nitrosomonas.

Hence,

t he ammonium oxidase enzyme is thought to be associated with this highly
ordered structure (Campbell and Lees, 1967).
Factors affec ting ammonia volatilization.
Nitrogen escape, in the form of ammonia, from soil is known to produce significant losses in association with high pH values (Acquaye and
Cunnin gham, 1965; Blasco and Cornfield, 1966; MacRae and Ancajas, 1970).
Further, most of these losses of nitrogen have been found to occur
following fertilizer application, especially urea (Baligar and Patil,
1968; Cornforth and Chesney, 1971; MacRae and Ancajas, 1970; Vojinovic
and Sestic, 1967; Volk, 1970).
Although ammonia volatilization is thought of as a chemical process,
it is influenced by microbiological processes in the soil.

Thus, the

28
ammonia must first be supplied by ammonification from th e decomposition
of organic nitrogen or f rom th e hydrolysis of urea.

Furthermore, the

rate of nitrification may in turn reduce the ammonium level, th ereby
r educ ing volatile loss.
Ammonium volatilization is a l so influenced by the appli cati on of
the fertilizer itself.

Greater ammonia loss has been found to occur

with surface applied urea than with urea mixed int o the soi l (Shankarachary and Mekta, 1969; Terman and Hunt, 1964).

Greater air movements

and risin g temperatures were also observed by Watkins et al. (1972) to
produce greater volatile losses .

Punn (1964) had observed that in

ammonium sulfate amended soils, a 5.5 per cent lo ss had occur r ed after a
10-day i ncub ation period at 45°C.
were linearly related.

Ammonia loss and water evaporation

Similarly, Nemeryuk, Paltsev, and Sinegl azova

(1965) reported that ammonia loss accompanied water evaporation.

How-

ever, Chao and Kroontje (1964) h ave determined that the rates of volatilization and evaporation follow different functions and that the
ammonia loss is proportional to the original pH.

Conversely, Blasco and

Cornfield (1966) maintain that ammonia volatilization is not co rre l ated
with pH.
The carbonate content and cation exchange capacity of soils are
also accepted as factors influencing ammonia volatilization.

Coarse

textured soils have the highest volatile losses due to their low cation
exchange capacity (Chao and Kroontje, 1964), while soils with montmorillonite clay have low volatile losses due to the high cation exchange capacity (Punn, 1964).
Higher volatile losses were observed by Larsen and Gunary (1962)
when ammonium sulfate was applied to a calcareous soil.

In addition,
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they also noted that after eight days, volatile losses were much greater
from soils treated with calcium carbonate than from calcareous soils
treated with ammonium sulfate, ammonium phosphate, or ammonium nitrate.
Furthermore, when soils were first amended with barium carbonate,
greater volati lization losses were obtained from ammonium nitrate applications than from the ammonium sulfate and phosphate applications.
However, greater volatile losses were achieved with the phosphates and
nitrates when the soil was first treated with magnesium carbonate.
The anion influence in ammonia volatilization was also studied by
Fenn and Kisel (1973).

They propose that when an ammonium fertilizer

is applied to and dissolves in a calcareous soil, ammonium carbonate is
formed with a soluble calcium salt .

Decomposition of the ammonium car-

bonate ensues with the release of carbon dioxide at a rate greater
than that of ammonia.

This in turn causes the formation of ammonium

hydroxide which raises the soil pH and concurrently creates conditions
favoring greater ammonia volatilization loss.

li
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MATERIALS AND METHODS
Area descriptions.
Two experimental areas were chosen for this study:
and Pine Valley, Utah.

Curlew Valley

The Curlew Valley experimental area is

located 25 miles southwest of Snowville, Utah and is representative of
the northern Great Basin Desert.

Within this site are three sampling

stations, each dominated by one of the following shrubs:

Artemisia

tridentata (Site 5); Ceratoides lanata (Site 6); and Atriplex confertifolia (Site 7).

All three sampling stations are located on the west

slope of the Wildcat Hills at the Stansbury Water contour (Mitchell,
West and Miller, 1966; Skujins and West, 1973).
The Pine Valley experimental area is located approximately 40 miles
west of Milford, Utah and is representative of the southern Great Basin
Desert.

A 12 x 12 m area, located 14m east of the south weather sta-

tion on the I.B.P. plot, was the only established sampling station.

The

principal vegetation that is present is dominated by the shrubs Ceratoides lanata, Atriplex confertifolia, Artmisia spinescens and the
perennial grass Hilaria jamesii.
Sample collection.
Soil samples were collected at random in the interspace soil surface (0-3 em) between plants.
pak bags (Nasco).

Samples were stored in sterile whirl-

Each soil sample was ground and well mixed with a

mortar and pestle, allowed to air-dry overnight, and then stored at 3°C.
Intact soil crusts were also sampled from each sampling station and
stored in sterile whirl-pak bags at 3°C.
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Fresh plant material and plant litter were also collected from
each sampling station.

Fresh leaves and stems were picked and placed

in sterile whirl-pak bags.

Plant litter was collected from the under-

canopy and also placed in whirl-pak bags.

Both the collected plant

material and litter were ground to 20 mesh and placed in covered metal
cans for storage at 3°C.

15N Methodologies, exogenously supplied ( 15 NH ) so ) .
4 2 4
One hundred grams of surface-collected, interspac e soil (0-3 em
depth), from each of the three Curlew Valley sampling s t ations, were
placed in a 1-1 Erlenmeyer flask wrapped i n aluminum foil and attached
to a gas washing bottle containing 250 ml of a 1 percent sulfuric acid
solution to trap volatilized ammonia (Figure 1).

Except in one case in

which no amendments were made (control), 3 mg of ( 15 NH ) so (Prochem)
4 2 4
were dissolved in 25 ml of distilled water and added to each soil.
atom percent excess

15

The

N was 30.4 or 912 g 15 N added.

The soil was then allowed to air-dry after

15

N enrichment for

either 21 or 35 days.
In experiments in which the effect of fresh plant material and
plant litter was to be studied, 1 g of ground plant material or plant
litter from each site was amended to their respective soils prior to the
addition of

15

N amendments.

These soils were also allowed to air-dry

following the addition of the 15 N.
The effect of "N-Serve" [2-chloro-6(trichloromethyl)pyridine,
Dow Chemical Company] on nitrogen fixation, ammonification and denitrification was also assessed.
soil at a rate of 7

~g/g

In all cases, "N-Serve" was applied to the

soil.
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The duration of these experiments was either 3 or 5 weeks, and
maintained at a temperature of 22

± 2°C.

The caputred ammonia was analyzed weekly by KJ eldahl steam distillation (Bremner, l965a).

The 250 ml of sulfuric acid was removed from

each gas washing bottle and placed into a 500 ml Erlenmeyer flash and
capped by a rubber stopper until the analysis of ammonia was made.

Prior

to Kje ldahl distillation, the acid solution was transferred to a 50 ml
Kjeldahl flask.

Two to three drop s of Tashiro's indicator was added to

each flask plus sufficient 40 percent NaOH to raise the solution pH to
alka linit y.
captured NH

The alkaline solution was then steamed distilled and the
3

was collected in a 50 ml flask containing 5 ml of 2 perc ent

H Bo plus 2 drops of Tashiro's indicator.
2 3
ated after 30 ml of distillate was obtained.

The distillation was terminThis was then titrated to

the endpoint with a primary standard solution of 0.01 N KH(I0 ) 2 .
3

The

milliters of titrant multiplied by the normality (0.01) gives the milliequivalent (meq) of N in the sample.

Multiplying the number of equi-

val ents by the milliequivalent weight of nitrogen (14 mg/meq) gives
the mg of nitrogen in the sample.
After titration, the samples were re-distilled by alkaline distillation, and captured in 0.05 N H so .
2 4

The distillate was then

evaporated to dryness overnight in a 100°C oven.

The samples were then

brought to a final volume of 1 . 0 ml with 0.05 N H so and refrigerated
2 4
until s hipped for mass spectrophotometric analysis.

Storage of the

samples by this method prevents microbial contamination (Bremner, 1965b).
The 15 N analyses were performed by Dr. T. C. Tucker, University of Arizona, Tucson.
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The soil moisture content and soil pH were also measured on a

weekly basis.

Each measurement was determined from 1 g samples.

The

pH determination was obtained after diluting the soil sample 1:1 with
distilled water a nd r ecordi ng the measurement on a Beckman Zeromatic
SS-3 pH meter following the immersion of the pH electrodes in the soil
suspension for five minut es.

Soil moisture was determined by weighing the 1 g soil sample and
weighing bottle before and after the cooled samples were oven dried a t
ll0°C for 48 hours.

The difference was found and the percent moisture

was then calculated as follows:
(Wt. before drying) - (Wt. after drying) x lOO = % soil moisture.
(Wt. after drying)
Upon termination of an experiment, 40 g (wet weight) of each soil
was placed in a semimicro-Kj eldahl flask which was then immersed in a
dry ice-acetone bath.

After all of the soils were quickly frozen, the

flasks were placed in the oven of a Virtis lyophilizer and lyophilized
to dryness over a 24 - hour period.

This procedure was followed in order

to analyze for the different forms of nitrogen:

organic N, clay-fixed

+
+
NH -N, exchangeable NH -N, N0 -N, and N0 -N.
4
4

Exchangeable NH +-N
4

2

3

was determined by extracting 10 g of dry soil

with 50 ml of 2 N KCl via shaking for 1 hr on a reciprocal shaker.

The

suspens ion was then filtered through a Whatman #5 filter paper, and
collec t ed in a 100 ml volumetric flask.

The final volume of the fil-

trate was brought to 100 ml with distilled water.
used to determine the amount of NH+-N
4
MgO (Bremner, 1965b).

The NH

3

A 20 ml aliquot was

by steam distillation with 0.2 g

was ca ptured in 2 percent H Bo and
2 3

titrated as previously described.
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Nitrite and nitrate-nitrogen were determined from the same 20 ml
aliq uot by the addition of a scoopful of Devarda's alloy following the

+

steam distillation of exchangeable NH -N.
4
distilled and the NH

3

This sample was then steam

was capt ured and titrated as previously described.

Nitrate-nitrogen was determined by treating a 20 ml aliquot sample
with 1 ml of sulfanic acid (2 g/100 ml; Baker) to destroy NO;.

Fol-

lowing this treatment, MgO and Devarda's alloy were then added, and the
sample was steam distilled with the NH

3

collected and tritated.

+

-

value minus the amount of exchangeable NH -N gives N0 3 -N.
4

This

Nitrite-

nitrogen is then determined by subtracting the amount of N0 -N from
3
No; and NO;-N (Bremner, 1965b)
Total NH:-N

(exchangeable + clay-fixed) was determined by steam

distilling 4 g of soil with 20 ml of 40 percent NaOH in a semimicroKj e ldahl flask (Bremner, 196Sb).

+

This value minus exchangeable NH -N
4

gives clay-fixed NH+-N.
4
Total N was determined by digesting a 1 g soil sample with 1.8 g
of ca talys t (100:10:1; K so :cuso :5H 0:Se), 2 ml of distilled water
2 4
4
2
and 5 ml of concentrated H so for five hrs.
2 4

Following digestion, the

flasks were cooled and several drops of 30 percent H o (Baker) were
2 2
added to oxidize any remaining traces of organic matter.

This was fol-

lowed by a 10 ml addition of distilled water and 30 ml of 40 percent
NaOH.

The mixture was steamed distilled as previously described.

The

calculated amount of total N less the total NH+-N gives the organic N

4

value (Bremner, 1965c).
The total N of the ground plant material or plant litter was determined by digesting and distilling a 0.25 g sample according to the
methodology described above.
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15
Exogenously supplied K N0 .
3
15

N labeled KN0

3

(Prochem) was the substrate used to determine

the denitrification pote ntial of the Curlew Valley and Pine Valley desert
soils.

However, a slight modification of the procedure used by Tucker

and Westerman (1974) was made.
15
with labeled K N0

3

In this experiment, the soil was treated

without glucose.

To a 125 ml Erlenmeyer flask, 25 g of surface collected soil
(0-3 em) was added.

The soils were then amended with 2.5 mg KN0

3

(atom

percent excess, 96.8 percent) and moistened with 25 ml of distilled
water.

The flasks were covered with cot ton plugs and incubated in the

dark for seven days at 22 + 2°C.

Fo llowing the incubation period, the

soils were immediately immersed in a dry i ce -acetone bath and lyophilized
as previously described .
15

Total N, NO;- N and No;-N were then determined.

N fixation and crust decomposition.
2
Intact algal crusts from each of the Curlew Valley and Pine Valley

samp l ing stations were co ll ected from the interspace soil, 0-3 em deep.
Approximately 10 g of cr ust was then added to a 50 ml Erlenmeyer flask.
However, because a definite crust was absent at th e Pine Valley site,

1.5 g of crust (scrap ed from the surface of rocks) was added to 8.5 g
of s urface (0-3 em depth) collected soil.
with injectable serum s toppers.

The flasks were then capped

To each flask was inserted a 23 gauge

hypodermi c needl e attached t o a 1 4 em piece of surgica l tubing.

The

tubing was in turn attached tu an identical hypodermic needle inserted
into a serum capped 25 ml Erlenmeyer flask containing 5 mg (
(Prochem).

The atom percent excess

15

15

NH ) so
4 2 4

N was equal to 30.9 percent.
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The

soi l ~

were then moistened to 25 percent with distilled water.

After th e flasks were cap ped a nd the hypodermic neC'dles insertt>d lnl<>
the proper positions, the air was removed via a vacuum pump.

L5

was

N
2

then released by injecting 1 ml NaOBr into the flask containing the
(

15 NH

15

) so .
4 2 4

The amount of injected NaOBr was sufficient to produce 5 mg

N (Br emne r, 1965b).
2

Ar, Co ,
2

o2

Th e remaining vacuum was filled by injecting an

gas mixture (Linde).

The flasks were then illuminat ed at

10,000 lux by a fluorescent light sour ce.

The incubation period was for

24 hrs at 22 + 2°C (Skujins and West, 1974).
Following the 24 hr fixation period, 1 g soil samples were then retrieved, digested and determined for total N.

To the remaining flasks,

glass tubes (1.0 x 4.5 em) were then placed on the soil surface, and
5 ml of a 0.02 N H so solution was pipetted into each tube.
2 4

The flasks

were again cap ped and incubate d in the dark at 22 ~ 2°C for one week.

After incubation, the sulfuric acid was assayed for volatilized NH

3

via

Nesslerization while the soils were frozen, lyophilized and determined

+

+

-

-

for total N, fixed NH - N, exchangeable NH -N and N0 and N0 -N.
4
2
3
4
15
N experiments, the samples were analyzed in
In all of the above
duplicate, while the non-

15

N controls were run in triplicate.

Ammonification potential.
The ammonification potential was determined by the method described
by Patel (1972).

Surface soil (0-3 em) was added to a 250 ml screw

cap flask containing a ce nt er well .

Each soil was amended with 125

mg casein (Nutritional Biochemical Company) and 175

~g

"N-S erve"

(2-chloro-6(trichloromethyl) pyridine, Dow Chemical Company).

The soils

were then moistened to 25 percent (v/w) and 5 ml of 0.02 N H so was
2 4
added to the center well.

The flasks were then tightly sealed and
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inc ubat ed in the dark at 22

~

2°C f or 1 week.

Following the incubation

pe riod, the sulfuric acid solution wa s a nalyzed for volatilized NH via
3
Nesslerization .

The soils were frozen, lyophilized and assa yed for

organic N, No; and No;-N.

These experiments were all run in tripli-

cate .

Acetylene reduction, laboratory measurements.

For laborator y measurements of acetylene reduction, 2 g of soil
crust was weighed out and placed in a 13 x 60 mm glass tube sealed at
one end with a rubber stopper.

The cores were then moistened with l ml

of distilled water, capped, and injected with 0.6 ml of acetylene as
previously described.

After the incubation period, a 0.2 ml gas sample

was withdrawn a nd inject ed into the gas chromatograph for ethylene
analysis.

The ethylene assays were determined by a Varian series 1720

gas chromatograp h with a flame ionization detector.

Helium was used as

the carrier gas , while air and hydrogen gas provided the flame ionization.
The flow of the carrier gas was 25 ml per minute with a 2.74 m Porapak R
column (New England Nuclear), 100 to 120 mesh.

The column temperature was

set at 50°C , the injection temperature at 55°C, and the detector temperature at 90°C.

An attenuation setting of 1 at a range of 10-ll enabled

the reading of most ethylene peaks.
setting of 10-

9

The acetylene peak was read at a

with attenuations a t 1,2, or 4.

However, the ace t ylene

peak may also be read at a 10-ll se tting and therefore was used as an
internal standard.
A control soil core was prepared in the same fashion as just described minus the injection of acetylene.

All assays were run in trip-

lic at e , and any modification to the above is described elsewhere.
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Nitrogen fixatlo n c nlculation s .

Th e surface ar ea of the soil co r e t ub es i s es tima t ed to be 1 . Jl4
x 10-

8 ha (Rychert, 1975).

It is a lso assumed tha t nitrogen and acetylene

a re reduced by nitrogenase in a 3:1 rati o .
eq uals 28 x 10-

9

Thus, 1 nanamole of

g or 9.33 x 10- 9 g of fixed nitrogen.

c2H4

The total nano-

mo l es prod uced from a 0.2 ml gas sampl e is the peak he i ght times 3.
Therefore :

fixed N .
2

mm (peak height) x 1. 5 nm C2H4 x 3 x 9.33 x 10-9 = g of
100 mm
Dividing this value by 1.324 x 10-

8

ha yields the gr ams of

fixed nitrogen per hectare.
He t erotrophic nitrogen fixation.
To assess the rate of nitrogen fixation by the heterotrophic pop ulation, 2 g of soil crust gathered from interspaces were weighed out,
t h e n c rushed and mixed with a mortar and pestle.

The soil was the n

transferred to a glass tube as previously described.
me nt s were then performed:

The f ollowing tr ea t-

To two sets of soil cores, 0 . 5 ml of distilled

wa t e r was a dded, capped and injected with acetylene.

One se t was th e n

incubated in the dark at 22 + 2"C while the other set was also i ncuba t ed
in the dark, but at 37"C.

The length of incubation for both sets of

cores was 24 hrs.
Two o ther sets of soil cores were treated with a 2 percent glu cose
solution (0.01 g glucose/ 0. 5 ml di s tilled water), capped and injec ted
with ac etylene.

As previously described, one set was incubated 22 + 2"C

while the se cond set was under dark incubation at 37"C for 24 hr s .
One other set of cores we re moistened with 0.5 ml of distilled water,
capped, injected with acetylene and incubated in the dark at 22 + 2"C
for three weeks .
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Inhibition of nitrogen fixation.
To determine the effects of plant ma t er i a l, plant litter and "NServe" on nitrogen fixation, the following treatments were employed .

For plan t material, extracts were prepared by grinding 1 g of pl ant
leaves and stems with 20 ml of distilled water for 5 minute s with a
mortar and pestle.

The slurry was then filtered through a Whatma n #5

fi lt er , followed by an additional 30 ml of di s tilled water .
Plant litter extracts were prepar ed the same way by grinding 1 g of
litter (collected from beneath the canopies) with 20 ml of distill ed water
for five minutes, and filtered through a Whatman #5 filter.
For most "N-Serve" experiments, a stock solution of 14 11g "N- Serve"

pe r 1 ml distilled water was prepared.
The effect of plant mat e rial extracts on nitrogen fixation was
assessed by the following experime ntal tr eatment scheme:

To 2 g of

gr ound crust, 0.25 ml of glucose (0.05 g glucose/0 .25 ml distilled water)
was added, fol lowed by a 0.25 ml addi ti on of plant material extract.
The cores were capped , injected and incubated in the dark at 22

± zoe

and 37°C for Z4 hrs.
The effect of plant litter extract or "N-Serve" on het erotrophic
fixation was assessed by the addition of O.ZS ml of extract of "N-Serve"
(14

~g/O.Z5

ml distilled water) to glucose potentiated soil cores.

Fol-

lowing the injection of acetylene the cores were incubated in the da rk
at

zz

+

zo e

for 24 hrs.

Companion Acetylene reduction experiments to
As a companion experiment to the

15

Nz

15

N.

fixation study by soil crus t,

a similar approach was used with acetylene reduction.
was

Soil crust (10 g)

added to a 50 ml Erlenmeyer flask and moistened to ZS per cent soil
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moist ur e as pr eviously described.

Each flask was then capped and 3 ml

of air was remove d by an air-tight syringe, followed by a 3 ml injection
of acetylene.

10,000 lux.

The c rusts were then incubated at 22

±

2°C for 24 hrs a t

After incubation, a 0 .2 ml sample was removed from each

flask and in jected into t he gas chromat ograph for ethylene analysis.

The

flasks were then t r ansfe rr ed t o the dark and incubated for 1 week a t
22 + 2°C.

Following dark i ncuba t ion, a 0.2 ml gas sample was again taken

and inj ec t ed into the gas c hromatograph for ethylene analysis.
One variation of the above procedure was also emp loy e d.

In one ex-

periment fo llowing th e 24 hr fixation period and assay, the serum stoppers
we r e r emov ed and replaced with cotton and incubated in the dark fo r 6
days at 22°C.

After the s ixth day, the flasks were again capped, with

th e a ir r emoved and replaced with acetylene as previously describ ed.

The

flasks were then inc ubated in the dark at the same temperature for 1 day

prior to e thylene assay.
One gram samples of c ru s t we re also retrieved and plated on man-

nitol agar plates (Aaronson, 1970) for enumeration of heterot r ophic
nitrogen fixing bacteria prior to moistening of the soil crust, and after

the 24 hr and 3 week incubation periods.

The dilutions of 10-

4

and 10-

5

(0.05 M phosphate dilution blanks) were plated using the spread-p l a t e
technique .
1 week.

All plates were incubated in the dark at room temperature for

Following incubation, the colonies were counted as well as de ter-

mining the cel l a nd colony morphologies.
Total N dete rminat ion of plant material and litter ex tr ac t s.
To determine the amount of total N in the plant material and litter
extracts, 1 ml of eac h ex trac t was digested and steam distilled by the
Kjeldahl methodology previously described.
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Identification of

Alga~.

For gross observation and identification of the soiJ crusLs , .15

~

were placed in sterile plastic petri dishes and moistened with distilled

water.

The plates were illuminated at 10,000 lux for 48 hrs at room

temperature .

Wet mounts of the crusts and any developing green areas

were prepared and observed at a magnification of 400 and 1,000 x.

The

identification of the algae were based on Prescott's (1970) identification
key .
C/N ratio determination of soil crusts.
Soil c rusts were retrieved from each of the sampling stations at
Curlew Valley during April, July, August and September, 1976.

The crusts

(0-2 em) were placed in sterile whirl-pak bags and percent C and percent
N were determined by the Soil Test Laboratory at Utah State University.
From these percent values, the C/N ratio was obtained .
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RESULTS
Thirty-five day experiments.
Figures 2,3, and 4 illustrate the ammonia volatilization data
from untreated cont rol soils air dried for 35 days.

In all cases, the

greatest amount of ammonia volatilization occurred during the seventh
or fourteenth day of incubation.

However, the Ceratoides soil does

display a second peak from the twenty-first to the thirty-fifth day.
In all three soils, a n increase in the soil pH is noted during
the first day of incubation, followed by a gradual decline.
In the (

15

NH ) so treated soils, greater volatile ammonia losses
4 2 4

are observed (Figures 5,6, a nd 7), with the Artemisia treated soil as
the only exception.

An initial increase in the soil pH is again

observed followed by a gradual decline .
Data for the (

15

NH ) so plus plant material amended soils is
4 2 4

given in Figures 8,9, and 10 .

Except for the Artemisia soil, the total

amount of volatilized ammonia is equal to its control but less than

that fo und in the (

15

NH ) so treatment.
4 2 4

Further, this soil displays

two peaks during the thirty-five day incubation period (Figure 8),
the second peak being greater than the first.
peak was not observed in the control and the (
(Figures 2 and 5).

Appearance of a second
15

NH ) so tr eated soils
4 2 4

The Ceratoides and Atriplex soils display only one

peak with the greatest volatile ammonia loss occurring during the
seventh day.

The soil pH again increases, but during the seventh or

fou rteenth day.
Tables 1,2, and 3 give the soil nitrogen analysis of the untreated,
(

15

NH ) so treated, and (
4 2 4

15

NH ) so plus plant amended soils.
4 2 4

In al l

cases, a net gain in nitrogen, after the thirty-five day incubation
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Figure 2.

Ammonia volatilization from an untreated (control)
Artemisia soil, air-drying for 35 days .
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Figure 3.

Ammonia volatilization from an untreated (control)
Ceratoides soil, air-drying for 35 days.
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Figur e 4.

Ammonia volati li za tion from an untreated (control)
Atriplex soil, air-drying for 35 days .
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Figure 5.

Ammonia volatilization from an ( 15 NH ) so amended,
4 2 4
Artemisia soil, air-drying for 35 days.
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Figure 6.

15

Ammonia volatilization from an ( NH ) so amended,
4 2 4
Ceratoides soil, air-drying for 35 days.
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Figure 7.

Ammonia volatilization from an ( 15 NH ) so amended,
4 2 4
Atriplex soil, air-drying for 35 days.
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Ammonia volatilization from an ( 15 NH ) so + plant material
4 2 4
amended, Artemisia soil, air-drying for 35 days.
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Figure 9.

15
Ammonia volatilization from an c NH ) so + plant material
4 2 4
amended, Ceratoides soil, air-drying for 35 days.
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Figure 10. Ammonia volatilization from an ( 15 NH ) so +plant material
4 2 4
amended. At rip lex soil, air-drying for 35 days.
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Table 1.

Soil analysis of organic N, total NH:-N, and N0

2

+ NO;-N fo r

untreated (control), air-drying soils after 35 days (mean
values expressed as mg N/100 g soil).

Site
1

Fraction

Artemisia

Initial content

Mean+ S.D.

Ceratoides

2

Mean+ S.D.

AtriJ2lex

3

Mean + S.D.

+
Exchangeable NH -N
4

0.28(±<J.l4)

0. 05 (J::O. 04)

0. 40(.:!:0. 21)

Fixed NH:-N

7 .40(:!:0. 21)

8.47(±<J.48)

6. 35(.:!:0. 28)

Organic N

70.9 (.:!:5. 7)
0.14(.:!:0.07)

NO; + NO;-N
Total N

78. 7(±5.6)

pH

71.3 (.:!:5.1)
0.09(±<J.l6)
79.9 (±5. 0)

82.5(.:!:8.0)
0.16(.:!:0.28)
89.4(±7. 7)

8 . 62

8.57

8.80

+
Exchangeable NH -N
4

o. 39(±<J.05)

0.49(.:!:0.30)

0. 70(.:!:0.10)

Fixed NH:-N

6. 86 (.:!:0. 69)

7.66(±0.69)

5.92(.:!:0.35)

Soil sam12le time:

Organic N

35 days

96.6 (±2. 6)

108.8(±10.2)

90.1(±9.0)

N0 -N
2

0. 91(.:!:0. 20)

o. 28(±<J. 54)

0.0

NO;-N

4.55(.:!:0.44)

8.44(.:!:0.26)

6.97(.:!:0.16)

NH -N (volatilized)
3

0.12 (±0. 05)

0.13(.:!:0.20)

0. 70(±0.09)

Total N

109.4(±2.3)

pH

1

Figure 2;

8.40

2
Figure 3· 3Figure 4.

125.8(±10.7)
8.29

104.4(±9.3)
8.46
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Table 2.

Soil analysis of organic N, total NH:-N, and NO; + No;-N for
(

15

NH ) so amended, air-drying soils after 35 days (mean
4 2 4

values expressed as mg N/100 g soil) .

Site
1

Fraction

Artemisia

Initial content

Mean+ S.D.

Added

15

NH - N
4

+

Fixed NH -N
4

Organic N

Mean+ S .D.

0.28(.:!:.0.14)

0 .05 (.:!:.0.04)

o. 40(.:!:.0. 21)

7. 40(±0. 21)

8.47(±0.48)

6. 35(.:!:.0. 28)

81.7 (±5. 6)

pH

Soil sam2le time:

3

3.0

0 . 14(±0.07)

Total N

Mean + S .D.

AtriElex

3.0

70.9(±5.7)

No; and No;-N

2

3.0

4

Exchangeable NH -N

Ceratoides

71.3(±5.1)
o. 09 (±0 .16)
82. 9(±5. 0)

82 . 5(±6. 8)
0.16(±0.28)
92. 4(±7. 7)

8. 71

8.53

0. 28(±0.10)

0.21(.:!:.0.30)

0.46(±0.35)

5. 77(.:!:.0.5)

6. 75(±1.09)

5 .51 (.:!:.0 . 52)

35 days

+

Exchangeable NH -N
4

+

Fixed NH -N
4

Organic N

86.2 (±5. 0)

97.9(±14.2)

99. 7(±4.0)

No;-N

0.0

o.o

0. 81(±0. 26)

No;-N

7 .13(.:!:.0.34)

8.02(±0.40)

9.07(±0.04)

NH - N (volatilized)
3

0.06

0.39

1. 23

Total N

99.4(±5.1)
8.52

pi!

1

Fi gure 5;

2

Figure 6;

3

Figure 7.

113.3(±14.3)
8.27

116. 8(±3. 7)
8.51
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Table 3.

Soil analysis of organic N, total NH;-N, and No; + No;-N for
(

15

NH J so + plant material amended, air-drying soils after
4 2 4

35 days (mean values expressed as mg N/100 g soil).

Site
1

Fraction

Artemisia

Initial co ntent

Mean+ S.D.

Added 15 NH+-N
4

Exchangeable NH+-N
4

Organic N
NO; + NO;-N

Mean + S.D.

Atriplex

3

Mean + S. D.

3.0

3.0

1. 59(±_0. 21)

o. 0

0. 0

7 .25(±_0.62)

7.18(±_0.07)

7.00(±_0.34)

0.49(:J::O.l4)

Total N

2

3.0

6J.O(:J::l.9)

Added Plan t Material

Ceratoides

71.5(:J::9.1)
0.54(:J::0.23)

72.1(:J::7 . 9)
O.J5(:J::O.l4)

12.4(:J::l.5)

15.9(:J::l.6)

14.4(:J::l.4)

87.7 (:J::l. 8)

98 .l(:J::8. 3)

96.9 (:J::7. 7)

pH

8.02

8.10

8.40

Exchangeable NH+-N
4

1.16(:J::0.55)

1.05(±_0 . 30)

1.54(±Q.99)

Fixed NH;-N

7. 01(±_0 . 28)

7.53(±_0.16)

7.09(±Q.17)

Soi l sample time:

Organic N

35 days

90. 7(:J::2 . 8)

NO;-N

1.72(:J::0.35)

NO;-N

0.9l(±Q.16)

NH -N (volatilized)
3

0. 06

Total N

101.5(:J::3.2)

pH

1

Figure 8;

8 . 29

2
3
Figu re 9; Figure 10.

97. 4(:J::2. 2)
3 . 33(±_0.26)
11.2(:J::0.40)
1. 1
121.6(:J::2.4)
8.09

88.4(:J::2.4)
2. 10(±Q.34)
1.51(:J::0.24)
__::_2'-'"5~---

103.1(:J::2 . 1)
8.82
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This increase in nitrogen is reflected in the organic

period, is noted.

exc hangeable

NH:

In the untreated and (

15

NH ) so treated soils,
4 2 4
15
and No; are very low to nil. However, in the < NH

nitrogen fraction.

4)2so 4

+
plus plant material amended soils, greater values in exchangeable NH 4 and
No; are observed.

Further, in the Artemisia and Atriplex soils, the

level of No; exceeds the No; level.
It is also interesting to note that the soil pH in the control and
15

NH ) so treated soils decline by 2 to 3 units. Such a decline is
4 2 4
15
absent in the ( NH ) so plus plant material amended soils, with a 2.7
4 2 4
(

unit increase in the Artemisia soil and 4.2 unit increase in the

Atriplex soil.
Table 28 (Appendix A) tabulates the
15

15

NH

N labeled, ammonium sulfate treated soils.

volatile losses for the

3

In all cases,

15

due to ammonia volatilization is not greater than 2.3 percent.
th e

Atri~lex

The soil

N loss
However,

soil did have the greatest l5N volatile losses.
15

N fraction analysis for the (

are given in Table 29 (Appendix A).

15

NH ) so treated soils
4 2 4

Except for the Ceratoides treated

soil, 15 N0 - demonstrates the greatest levels. Organic nitrogen has the
3
15
second highest 15 N content, followed by clay-fixed
Most of the

NH:.

applied

15

N is lost due to denitrification.

Table 30 (Appendix A) lists the
plus plant material amended soils.

15

NH

3

losses from (

15

NH ) so
4 2 4

These soils have greater volatile

ammonia losses than the soils treated with

15

N labeled ammonium sulfate.

Again, the Atriplex soil displayed the highest volatile loss (3.62%).
The soil

15

N analysis for the plant material amended soils is given

in Table 31 (Appendix A).

Except for the Ceratoides and Atriplex soils,

the highest level of 15 N is found in the organic nitrogen fraction.
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' ha ngeable 15 NH+ follows the organic 15 N level (Artemisia) or exc eed s
Exc
4
the organic frac tion as observed in the Ceratoides and Atriplex s oils.
15

N0

15 levels are high and exceed the
N0 value.
3
2

Artemisia soil, the r everse is true.

applied

15

However, in the

The percen t denit rification o f

N ra nged from 66.3 to 79.2.

Table 4 presents a nitr ogen balance shee t for the untr eated,
(

15

NH ) 2so treated and (
4
4

15

NH ) so plus plant ma terial amended soils.
4 2 4

I n these tables, the initial total nitrogen and final tot al nitrogen
are given.

The amount of biologically fix ed or denitrified nitrogen

and the correspond ing percentages a r e a l so indicated .

Tables 32 and 33

(Appendix B) give the statistical anal yses of these data.
In the untr eated soils , a conside rable ne t gain in ni trogen is

obse rv ed, where 15 to 45.9 mg of nitrog en was heterotrophically fixed .
Thi s represents a 16.8 to 57.5 p ercent increase.

The

15

(NH ) so tr eated soils also show gains in nitrogen.
4 2 4

Under

these experimen t al conditions, a net gain of 17.7 to 30.4 mg nitr ogen
was achieved.

However, this also represents a decline of 42 and 34

percent for the Artemisia and Ceratoides soi ls respectively, when
compared t o the same untrea t ed soils.
The (
nitrogen .

15

NH ) so plus plant mat e rial amended soils show ga ins in
4 2 4

In the Artemisia, Ceratoides and Atriplex soils a 15.7, 24.0

and 6 .4 percent increase i s observed .

However, this also represent s

a 55, 49 a nd 59 percent decline respectively in biologically-fixed
nitrogen when compared to t heir untreated counterparts.

Based on the

F- test from analyses of variance (Table 9, Appendix B) gains i n nitr ogen
may be accepted as valid since the variations found in the initial and
final total N va lu es are not different a t a probability value of .05.

Table 4.

N balance sheet for soils air-dry in g afte r 35 days (mean values expressed in mg N) .

(

Control
Site
Site

Art.

Cer.

Initial total N

78.7

+ S.D.
Final to ta l N
+ S.D.

15

N + Plant Material

Site
~

Art.

Cer.

79.9

89.4

81.7

(±5.6)

(±5.0)

(±7 7)

109.4

125.8

(±2 3)

(±10. 7)

0

15

NH ) so
4 2 4

Site
~

Art.

Cer.

~

82.9

92.4

87.7

98.1

96 . 9

(±5. 6)

<±5.0)

(±7 7)

(±1. 8)

(±8.3)

<±7 7)

104.4

99.4

113.3

116.8

101.5

121.6

103. 1

(±9. 3)

(±5.1)

(±14.3)

(±3. 7)

(±3. 2)

(±2.4)

(±2 . 1)

0

0

0

mg of N denitrified

0

0

0

0

0

0

0

0

0

% denitrified

0

0

0

0

0

0

0

0

0

30.3

45.9

15.0

17.7

30.4

24.4

13.8

23.5

mg N fixed
2

Initial total N

Organic N +cl ay-fixed NH+ + exchangeable NH+ , + N0 - + N0 - per 100 g soil.
4
4
2
3
15
NH and/or plant material N also included where applicable.
4

6. 4

Added

Final t otal N = Organic N + clay-fixed NH: + exchangeable NH:, +NO; +No; per 100 g soil.
Art .

= Artemisia;

Cer.

= Ceratoides;

~

= Atriplex.
lJ>

co
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Table 10 {Appendix B) lists the 90 pe r cent confidence limits f or th e
reported F-test values.
Twenty-one day experiments .

Figures 11, 12 and 13 illustrate the ammonia volatilization da t a
for the untreated air-dried soils incubated for twenty-one days.
Maximum volatile losses occurred in all three soils during the seventh
day of incubation.

The soil pH and soil moisture decline with time.

The soil analysis of the untreated soils is given in Table 5.

In

all three cases , a net gain in nitrogen is observed, and as noted in
the pr evious data, this gain is reflected in th e organic nitrogen

f r action.

The levels of No; are again high with the exception of the

Artemisia so il.

In this soil, NO; predominates over NO;.

In addition,

the excha ngeable NH: fraction of the Artemisia soil is greater than the
values reported for the Ceratoides and Atriplex soils.

As previously

observed in Figures 11, 12, and 13, th e soil pH drops by a factor of
0.1 t o 0.32 units.
Figures 14, 15 and 16 provide the data for the ammonia volatile
losses in the (

15

NH ) so treated soils.
4 2 4

The soil pH and percent mois-

ture behaved in the same manner as observed in previous data.

The soi l analysis of the

15

N labeled, ammonium sulfate-treated

soils is given in Tables 6 and 7 .

For the Artemisia soil (Table 6) a

net gain in nitrogen is observed after the twenty- one day incubation
period.

The No; fraction also demonstrates a weekly increase with

time, while NO; remains undetectable until the twenty-first day .

Ex-

changeable NH: and clay-fixed NH: fluctuates with time as does th e soil
pH.

60

).0
2.0

:<:
n.

1.0
0
9.0
;I:

p.

8.0

JO
z

I

:r:"'

z

20

00
:1

10

t4

2l

Time, Days
Figure 11.

Ammonia volatilization from an untreated (control)
Artemisia soil, air-drying for 21 days.
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Figure 12.

Ammonia volatilization from an untreated (control)
Ceratoides soil, air-drying for 21 days.

1
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14
Time, Days
Figure 13.

Ammonia volatilization from an untreated (control)
Atriplex soil, air-drying for 21 days.
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Table 5.

So il analysis of organic N, total NH + , No;, and NO; for
4
untreated soils air- dryin g af ter 21 days (mean values
expr essed as mg N/100 g soil).

Site
Fraction

Artemisia

Initial con tent

~lean

1

+ S.D.

Ceratoides

2

Mean + S. D.

AtriJ:>lex

3

Mean .±_ S. D.

+
Exchangeabl e NH - N
4

0. 35(.±_0. 42)

0 .14 (.±_0 .07)

o. 21(.±_0. 07)

+
Fixed NH -N
4

7 .16(.±_0.11)

7. 30(.±_0 . 23)

6.55(.±_0 . 31)

Or ganic N

68 .0 (.±_4 . 8)
0.40(.±_0.13)

NO; + NO;-N
Total N

75.9(.±_5.6)

pH
Soil samJ:>le time :
Exchangeable NH+-N
4
+
Fixed NH -N
4
Organi c N

71.3(.±_10. 7)
0. 63(.±_0. 31)
79. 4(.±_7. 7)

69.1 (.±_7. 7)
0.02(.±_0.03)
75.9 (.±_13. 9)

8.20

8.29

8.42

1. 44 (.±_0.10)

o. 84(.±_0. 0)

o. 49(.±_0. 20)

8. 09(.±_2. 67)

6 .69(.±_0.83)

6.48(.±_1. 73)

21 days

75 . 9(.±_1.6)

77 . 5(.±_1.1)

82.2(.±_4.0)

N0 -N
2

2 . 63 (.±_1. 18)

0.49(.±_0.59)

0.0

NO;-N

1. 72 (.±_1. 20)

4.62(.±_0.30)

4.06(.±_0.05)

NH -N (volatilized)
3

0.03

0.08

0 . 02

Total N
pH

1

Figure 11 ;

89.8(.±_1.5)
8.2 1

2
3
Figure 12; Figure 13.

90 . 2 (.±_1.3)
8.12

93. 4(.±_4. 0)
8 .10
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Ammonia volatilization from an ( 15 NH ) so amend ed,
4 2 4
Artemisia soil , air-drying fo r 21 days.
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Figure 15.

Ammonia volatilization from an (

15

so

NH )
amended,
4 2 4
Ceratoides soil, air-drying for 21 days.
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Figur e 16.

21

Ammonia volatilization from a n ( 15 NH ) so amended,
4 2 4

Atriplex soi l, air-drying for 21 days.

Table 6.

Soil analysis of or ga nic N, t o t al NH:, No;, and No; fo r ( 15 NH ) so amended, ai r-drying soil
4 2 4
a f t e r 21 days (mean values expressed as mg N/100 g soil) .

Site :

Artemisia (Figure 14).

Time Pe riod
Fr action

I nitial Content
Mean + S. D.

Added lSNH+-N

3. 0

Exchangeab l e NH+-N
4
Fixed NH+-N
4

4

Or ganic N

7 Days
Mean + S.D .

14 Days
Mean + S.D.

21 Days
Mean.:+:: S.D.

--

--

--

0.20(_:+:0. 22)

0. 91 (_:+:0 .10)

0.63(_:+:0.50)

0 . 77(_:+:0. 61)

6. 87 (_:+:0 . 58)

6.00(_:+:0. 06)

6. 40(_:+:0 . 27)

6 . 44(_:+:0 . 37)

80 . 0(_:+:7 . 4)

80 . 5(_:+:2 . 5)

77. 3 (_:+:7. 6)

82.9 (_:+:7. 8)

No;-N

0. 0

0.0

0.0

No;- N

1. 61 (_:+:0. 0)

1. 93(_:+:0.45)

2.24(_:+:0.14)

--

--

--

NO;- No;-N

0. 70(_:+:0. 61)

NH 3- N (volatilized)
To t al N
pH

0. 04 (_:+:0 . 07)
90.8(_:+:14.3)
8.40

89.1(_:+:2. 5)
8.35

0.06(.:+::0 .001)
86 . 3(_:+:7 . 4)
8.45

0.08(_:+:0.08)
93.8(_:+:13.5)
8.30

"'...,
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Table 7.

Soil analysis of organic N, total NH;, No;, and NO; for
(

15

NH ) so amended, air-drying soils after 21 days (mean
4 2 4

values expressed as mg N/100 g soil) .

Time Period
Fraction
Site: Ceratoides
(Figure 15)
Added 15 NH+-N
4
Exchangeabl e NH+-N
4
+
Fixed NH -N
4
Organic N

Initial
Content

Mean + S.D.

7 days

Mean+ S.D.

14 days

Mean + S.D.

21 days

Mean

±

S.D.

3.0
0.07(±_0 . 09)

0.42(±_0.0)

0.42(±_0.2)

7.39(±_0.32)

7. 56(±_0. 30)

8.10(±_0. 04)

76 . 8(±_3 . 2)

85 . 9(±_0.5)

83.8(±_7. 7)

o. 79 (±_0.15)
6.73(±_0.43)
80 . 4 (:!:_7. 5)

No;-N

0.0

0.0

0 . 23(±_0.29)

NO;- N

2.00(±_0.15)

3.0(±_1.03)

4. 46(±_0. 49)

NO; + NO;-N
NH -N (volatilized)
3
Total N/100 g

0. 74(±_0. 39)

o. 20(±_0. 04) o. 29 (±_{) . 03) o. 22(±_0. 008)
88.0(±_13.4)

pH

96.1(±_0. 7)

8.38

95 . 5 (±_8. 8)

8.29

8. 29

92. 8(±_10. 5)
8. 24

Site: Atrielex
(Figure 16)
Added 15NH+-N
4
+
Exchangeable NH -N
4
+
Fixed NH -N
4
Organic N

3.0

o. 21(±_0.17)

0.91(±_0.10)

0.60(±_0.05)

0.44(±_0.23)

6.26(±_0 .37)

5.51(±_0.35)

6.28(±_0.69)

5.88(±_0 . 53)

76.4(±_4.0)

77.9(±_5.15)

77.6 (:!:_11. 0)

69. 8(±_6. 9)

No;-N

0 .0

0.0

0 . 30(±_0.41)

No;-N

0. 56(±_0. 69)

2.07(±_0 .40)

2 . 38(±_1.85)

NO; + NO;-N
NH -N (volatilized)
3
Total N
pH

o. 74(±_1.67)
0.29(±_0.005) 0 . 34(±_0.05)
86. 6(±_17. 4)
8.52

85.2(±_5.8)
8.43

86. 9(±_11. 4)
8 .53

0.45(±_0. 2)
79.3 (:!:_7. 6)
8. 39
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The Ceratiodes

soil (Table 7) also demonstrates a net gain in

nitrogen, and this gain is also reflected in the organic fraction.
No; shows a weekly increase with the appearance of No; during the
twenty-first day of incubation, while the amount of exchangeable NH+
4
doubles during the same period of time.

The soil pH decreases during

the same incubation period.
The treated Atriplex soil (Table 7) shows a different set of
results with a net loss of nitrogen and a weekly decline in organic
nitrogen.

The No; level, however, does show an increase, with the

appearance of No; during the twenty-first day.

The exchangeable NH:

decreases with time as does the soil pH.
Figures 17 through 22 illustrate the volatile ammonia losses from
(

15

NH ) so plus plant material and (
4 2 4

soils under air-drying conditions.

15

NH ) so plus "N-Serve" treated
4 2 4

The Ceratoides and Atriplex plant

material treated soils have greater volatile losses than the (

15

NH 4 ) 2so 4

treated soils (Figures 15 and 16), but the Artemisia soil does not.
Also, the Artemisia and Ceratoides soils treated with (

15

NH ) so plus
4 2 4

"N-Serve" have greater volatile losses than the plant material amended
soils.

In Atriplex soil, the reverse is true.

It is also interesting

to note that greater volatile losses occurred in the "N-Serve" treated
soils than in either of the plant material or the (

15
NH ) so treated
4 2 4

soils during the fourteenth and twenty-first day of incubation.

In all

cases the maximum loss of volatile ammonia occurs during the seventh
day.
The soil analysis of the ( 15 NH ) so plus plant material and the
4 2 4
(

15
NH ) so plus "N-Serve" amended soils is given in Tables 8 and 9.
4 2 4
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Figure 17 .

Ammonia volatilization from an ( 15NH ) so +plant
4 2 4
material amended, Artemisia soil, air-drying for 21 days .
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Figure 18.
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Ammonia volatilization from an ( NH ) so + plant
4 2 4
material amended, Ceratoides soil, air-drying for 21 days.
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4

21

15
Ammonia volatilization from an ( NH ) so + plant
4 2 4
material amended, Atriplex soil, air-drying for 21 days.
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Figure 20 .

~1

Ammonia volatilization from an ( 15 NH ) so + "N-Serve"
4 2 4
amended, Artemisia soil, air-d~ying for 21 days.
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Anunonia volatilization from an ( NH ) so + "N-Serve"
4 2 4
amended, Ceratoides soil, air-drying for 21 days.
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15
Ammonia volatilization from an ( NH 4 ) 2SO 4 + "N-Serve"
amended, Atriplex soil, air-drying for 21 days.

76
Table 8.

Soil ana lysis of organic N, tot al NH + , N0 - , and N0 - for
2
4
3
15
( NH ) so + plant material amended, air-drying soils after
4 2 4
21 days (mean values expressed as mg N/100 g soil).

Site
1

Fraction

Artemisia

Initial content

Mean + S.D.

Added 15 NH +_N
4
+
Exchangeable NH -N
4
.
NH+-N
F1xed
4
Organic N

Total N
pH
Soil samEle time:

Mean±. S.D.

Organic N

0.48(±_0.27)

0.32(±_0.21)

o. 27 (±_0.14)

6.25(±_0.87)

6. 58(±_0. 65)

6.01(±_0.64)

115.0(±_5.0)
1. 05 (±_0. 5)

97. 5(±_14. 3)

o. 75(±_0. 80)

13.8 (±.1. 0)

13.0(±_0.3)

13. 0(±_0. 7)

132.0(±_4.1)

139. 0(±.2. 7)

121.0(±_2.3)

8.03

8.11

8.33

0.67(±_0.40)

0. 65 (±_0.11)

o. 40(±_0.15)

7.74(±_0.88)

8.42(±_0.52)

7. 04(±_0. 44)

95. 9(±_5.11)

103.0(±_2 .24)

. 03(±_0. 2)

NO;-N

0.16(±_0.18)

5.46(±_0.73)

NH -N (volatilized)
3

o. 07 (±_0. 06)

o. 51(±_0. 07)

Total N

105. 0(±_14.8)

pH

8.37

2

Mean + S.D.
3.0

NO;-N

Figure 17;

3

21 days

+
Exchangeable NH -N
4
+
Fixed NH -N
4

1

AtriElex

3.0

1.46(±_0. 44)

Added Plant Material

2

3.0

107.0(±_6.3)

NO; + NO;-N

Ceratoides

Figure 18;

3

Figure 19.

. 58(±_0. 23)

119.0(±_15.9)
8.16

83 .6(±_8.93)
0.0
4.29(±_0. 75)
2.93(±_1.04)
98. 0(±_8. 8)
8.43
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Table 9.

Soil analysis of organic N, total NH:, No;, and No; fo r
(

15

NH ) so + "N-Serve" amended air-drying soils af ter 21
4 2 4

days (mean values expressed as mg N/100 g soil).

Site
1

Fraction

Artemisia

Initial content

Mean ± S.D.

Ceratoides

2

Mean+ S.D.

Atrielex

3

Mean ± S.D.

Added lSNH+-N
4

3.0

3.0

3.0

+
Exchangeable NH -N
4

o. 6(:!::0. 29)

0.49(:!::0.12)

0. 33(:!::0.18)

Fixed NH:-N

5.95(±_0.25)

6.35(:!::0.29)

5.81(:!::0.51)

Organic N

148. 0(±7. 8)
2.52(±0.51)

NO; + NO;-N
Total N

160. 0(±7. 0)

159. 0(:!::1. 98)
1. 47 (±0 . 12)
170.0(±2.0)

126. 0(±14. 6)
1. 47 (±0.12)
137.0(±14.4)

8 . 03

8.03

8.07

Exchangeable NH+-N
4

0.56(:!::0.31)

0.89(±_0.57)

0. 84(:!::0. 32)

Fixed NH:-N

7. 07(±1. 03)

7.91(±0.92)

6. 00(:!::0. 52)

pH

So il samele time:

2l days

83 . 9 <:!::6. 3)

Organic N

88. 2(±6. 5)

83. 3(±4.4)

N0 -N
2

0. 91(±. 79)

0.19(:!::0. 32)

0.19 (:!::0.13)

NO;-N

4. 04 (±l. 31)

4.01(±_0.74)

2. 96(:!::0. 33)

NH -N (volatilized)
3

0.21(±0.03)

o. 78(:!::0.46)

l. 53(:!::0.16)

Total N

97. 0(:!::6 . 0)

pH

1

Figure 20;

8.10

2

Figure 21;

3

Figure 22.

102. 0(±7. 0)
8.13

95.0(:!::4.0)
8 . 40
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In all cases, there is a net loss of nitrogen and these losses are

reflected in the decline in the organic nitrogen fraction.
all of the treated soils show increases in

pH.

~lay - fixed

In addition,

ammonium and soil

Except for the plant material amended Artemisia soil, increases in

NO; occurs, particularly in the Ceratoides and Atriplex plant material
amended soils.
Figures 23 through 25 provide the ammonia volatilization data from
(

15 NH

) so plus plant litter amended soils.
4 2 4

As noted in the previous

treatment schemes, maximum volatile losses occurred during the seventh

day.
Table 10 gives the soil analysis of the plant litter treated soils.
Except for the Atriplex soil there is, in general, a net gain of
nitrogen.

In the Atriplex soil, a loss is reflected in the observed

decline in orga nic nitrogen.

exceed NO;.

NO; is also detectable, but does not

The soil pH in the Artemisia and Atriplex soils are

observed to have increased, while the Ceratoides soil experienced a
decline.
Table 34 (Appendix C) gives the
15
15

15

NH

3

N labeled ammonium sulfate treated soils.

volat ilization data for the
Essentially all of the

N loss due to volatilization had occurred during the seventh day of

incubation.
applied

15

The percent loss varied from 1.4 to 4.56 percent of the

N.

Tables 35, 35 and 37 (Appendix C) list the soil
the (

15

NH ) so treated soils.
4 2 4

15

N analysis of

Except for the Atremisia soil, there is

- 15 N0 - followed by a rapid decline.
f ~rs t an ~ncrease ~n

3

Ceratoides soil shows little change in the organic
Atriplex soil demonstrates a substantial decline.

15

Although the

N content, the

In the Artemisia

79

Time, Days
Figure 23.

14

21

Ammonia volatilization from an ( 15 NH ) so + plant
4 2 4
litter amended, Artemisia soil, air-drying for 21 days.
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Figure 24.

15
Ammonia volatilization from an ( NH 4 ) 2so 4 + plant litter
amended, Ceratoides soil, air-drying for 21 days.
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Figure 25.

1

21

15
Ammonia volatilization from an ( NH 4 ) 2 so 4 +plant litter
amended, At riplex soil, air-drying for 21 days.
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Table 10.

Soi l analysis of organic N, total NH:- N, and N0 2 + No;-N for
<15 NH ) so + plant litter amende d , air-drying soils after 21
4 2 4
days (mean value s expressed as rng N/100 g soil).

Site
1

Fra c tion

Arternisia

Initial content

Mean + S.D.

Ceratoides

2

Mean+ S.D.

AtriEl ex
Mean

±

3

S.D.

Added lSNH+- N
4

3.0

3.0

3.0

+
Exchangeable NH -N
4

0.8l(.:t<J.21)

0.11(.:!:0.16)

0.61(.::':0.44)

Fixed NH:-N

7. 33(.:!:0 . 82)

7.65(.:!:0.26)

6.60(.::':0.24)

Organic N

67.8(.±6.3)

75.6(.::':10.8)

NO; + NO;-N

0.47(.::':0.50)

o. 79(.:t<J.50)

Added Plant Litter

7.47(.::':2.06)

8.87(.:!:0. 79)

Total N

86. 9(.::':2. 5)

pH
Soil sarnEle time:

96. 0(.::':2· 5)

83.1(.::':5.2)

o. 30(.::':0. 34)
13. 5(.::':1. 56)
107.0(.::':10.4)

8.19

8.31

8.74

0.30(.:t<J.l8)

o. 51(.:!:0 . 47)

o. 70(.:!:0.12)

9. 99(.::':1. 34)

7. 45(.:!:0. 37)

7. 34(.::':0. 29)

21 days

Exchangeable NH+-N
4
+
Fixed NH -N
4

73.4(.::':7 .3)

Organic N

83.5(.::':8.5)

73.1(.::':4. 0)

No;-N

0. 83(.:!:0. 45)

0.44(.:!:0 .28)

1. 31(.:!:0. 77)

No;-N

3.80(.::':.10)

6.46(.:t<J.l0)

1.6l(.:t<J.l2)

NH -N (volatilized)
3

0.10(.:!:0.03)

0.41(.::':0.07)

0.48(.:!:0.03)

Total N

88.4(.::':7.0)
8.23

pH

1

Figure 23;

2

Figure 24;

3

Figure 25 .

98.8(.::':7 .9)
8.25

84 .5 (.::':3.3)
8 . 85
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15

declines during the entire incubation period , while ex3
15
changeable
NH: inc r eases and then declines. This increase in exsoil,

N0

changeable

15

NH: is complemented by the or ganic

declines and then increases.

15

N fraction which first

In all three t r eated soils,

appear in detectable amounts until t he twenty-first day.

15

does not
2
15
The weekly
N
N0

denitrification loss for the Artemisia so il was 60.9, 67 . 4 and 73 . 5
percent; the Ceratoides soil, 50.7 , 61.4 and 77 . 4 percent; the Atriplex
soil, 64 . 3, 66.9 and 84.4 percent.

In all cases, the

15

N loss due to

denitr i fication increases with time .

Tab l es 38 a nd 40 (Apoendix C) list the
from the (

15

NH ) so pl:ts plant mate rial and (
4 2 4

treated soils .
15

NH

3

15

N volatile ammonia loss
15

NH ) so plus "N-Serve"
4 2 4

Except for the Artemisia soil, the percent volatilized
15

i s gr ea ter in the plant material treated soils than in the

labele d ammonium sulfate amended soils (Table 34, Appendix C).

N

The

percent l oss of 15 N r a nged from 0 . 87 to 7.11.
15

N ammonia volatilization from the

11

N-Serve " tr ea t e d soi l s

demonstrates a 3.96 t o 5.70 percent loss of the app l ied

C15NH4 ) 2so 4 .

Except fo r the Atriplex soil, volatile ammon i a loss is greater than
that obse rved in the (

15

NH ) so treated and plant material amended
4 2 4

soi ls (Tables 34 and 38, Appendix C).
Tables 39 and 41 (Appendix C) give the soil

15

N analysis for

the ( 5NH ) so plant material and "N- Serve" treated soils. Except for
4 2 4
15
N is found in the organic
the Artemisia soil, the greatest amount of
nitrogen fraction, followed by the
concentration of

to be in the
loss of

15

NO;

15

NO;

fraction .

However , the gr ea t es t

N, as revealed in the atom percent excess, i s obser ved

fraction followed by exchangeable NH:.

The percent

N under these conditions was 75.7 t o 85.4 percent.
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In the "N-Serve" treat ed soil s (Table 41, Appendix C) the g reat es t
concentration of

15

N is found in the NO; fraction.

The organic nitrogen

fra c tion follows No; in the total amount of lSN, but the exchangeable
15
N in
fra c tion follows No; in the concentration of 15N. The loss of

this treatment scheme was 57.7 to 75 .0 percent.
Ta ble 42 (Appendix C) lists the
litt e r treatments.

15

N volatile losses from the plant

Except for the Artemisia soil, the greatest amount

of volatilized ammonia occurred during the seventh day of incubation.
Table 43 (Appendix C) lists the soil
litt e r amended soils.

15

N analysis of the plant

Except for the Artemisia soil, these values show

that the greatest amount and concentration of

15

N is in the No; fraction.

However, the percent enrichment of the exchangeable

15

than

No; in the Artemisia soil.

Organic

15

15

of

4

is greater

N fol l ows the nitrate

fraction, but again has the lowest percent enrichment .
15

+

NH

The percent loss

N in this treatment scheme was 64 to 80 percent.
Tables 11, 12 and 13 are the nitrogen balance sheets for all of the

twenty-one day experiments.

As in the previous nitrogen balance sheets,

the initial total nitrogen and the final total nitrogen are given.

The

amount of biologically fixed or denitrified nitrogen and their corresponding percentages are also included.

Tables 44 and 45 (Appendix D)

give the statistical analyses of t hese data.
The twenty-one day, air-drying soils also show gains in nitrogen.
It is also interesting to note that the amoun t of nitrogen gain in
these s oils is less than the air-drying soils incubated for thirty-five
days.

This represents a 54 percent reduction for the Artemisia soil, and

76.5 percent reduction for the Ceratoides soil.

As in the thirty-five

day experiments, the nitrogen gain in the ammonium sulfate treated soils

Table 11.

N balance sheet for untreated (control) and (

15

NH ) so treated soils after 21 days of air 4 2 4

drying (all values expressed in mg N) .
( 15 NH ) so
4 2 4

Control
Art.

Cer.

Atp.

--

--

Cer.

Atp .

75.9

79.4

75.9

90 . 8

88.0

86.6

(±5.6)

(.±7. 7)

(.±13 . 9)

(.±14.3)

(.±13.4)

(.±17 .4)

89.0

90. 2

93.4

93.8

92.8

79.3

(.±1.5)

(.±1. 3)

(.±4.0)

(.±13. 5)

(.±10. 5)

(.±7. 6)

mg of N denitrified

0

0

0

0

% denitrified

0

0

0

mg N fixed
2

13.9

10 . 8

%N

18.3

13.6

Initial total N
+ S . D.
Final total N
+ S.D.

2

fixed

Initial total N

Art.

0

7.3

0

0

8.4

17 . 5

3.0

4.8

0

23.0

3.3

5.2

0

Organic N +clay-fixed NH+ +exchangeabl e NH+ + N0 - + N0 - .
4
4
2
3

3.0 mg ( 15 NH ) so also
4 2 4

included where applicable.
Final total N = Organic N +clay-fixed NH

+ +exchangeable NH+ + N0 - + N0 - per 100 g soil.
4
2
3
4

N fixed = Heterotrophic nitrogen.
2
Art. = Artemisia; Cer. = Ceratoides;

~

= Atriplex.

00
V>

Table l2.

N balance sheet for (

15

NH ) so +plant material and (
4 2 4

15

NH ) so + "N-Serve" treated soils
4 2 4

after 21 days air-drying (mean values expressed in mg N).

c15NH 4 ) 2so 4

Initial total N
+ S.D .

c15NH 4 ) 2so 4

+Plant Material

+ "N-Serve"

Art.

Cer.

~

Art .

Cer.

~

132.0

139 . 0

121.0

160 . 0

170.0

l37 .0

(_±4 .1)

(_±7. 7)

(_±2 . 3)

(_±7. 0)

(:±:2.0)

(_±14.4)

105.0

119.0

98.0

97.0

102.0

95.0

(_±14 . 8)

(_±15.9)

(_±8 .8)

(_±6 . 0)

(_±7. 0)

(_±4. 0)

mg of N denitrified

27.0

20.0

23.0

63.0

68 . 0

42 .0

% denitrified

20.4

14.4

19.0

39.4

40.0

30.6

mg N f i xed
2

0

0

0

0

0

0

%N

0

0

0

0

0

0

Final total N
±S.D.

2 fixed

Initial total N

Organic N +clay-fixed NH

+ +exchangeable NH+ + N0 - + N0 - + 3.0 mg ( 15 NH J so .
4
4
2
3
4 2 4

Plant material amendments include l g plant material per 100 g soil.
Final total N = Organic N + clay-fixed NH: + exchangeable NH: + No; + No; per 100 g soil.
N fixed = Heterotrophic nitrogen.
2
Art. = Artemisia; Cer. = Ceratoides;

~

= Atriplex.
CXl

"'
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Table 13.

N balance sheet for ( 15 NH ) so + plant litter tr eat ed
4 2 4
soils, air-drying after 21 days (mean values expressed in
mg N).

Artemisia

Ceratoides

Atriplex

86.9

96.0

107.0

(±2.5)

(±2· 5)

(±0.4)

88.4

98.8

84 . 5

(±7.0)

(±7.9)

(±3.3)

mg N denitrified

o.o

0.0

22.5

% denitrified

o.o

o.o

21.0

mg N fixed
2

1.5

2.8

o.o

% N fixed
2

1.7

2.9

0.0

Site
Initial total N

+ S.D.
Final total N

+ S.D.

Initial total N

Organic N + clay-fixed NH
N0 - + 3.0 mg ( 15 NH ) so .
3
4 2 4

+
4

+
+ exchangeable NH 4 + N0 2 +
Plant litter amendments

include 1 g plant sample per 100 g soil.
Final total N

Organic N + clay-fixed NH + + exchangeable NH+
4 + N0 2 +
4
No; per 100 g soil.

N fixed
2

Heterotrophic nitrogen fixation.
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is less tha n in the untreated soils.

The percent reduction in nitrogen

gain for the Ar temisia, Cerato ides and Atriplex tr eated soils is 78.4,
55 . 5 a nd 100 percent respective ly .

In the plant ma terial a nd "N-Serve"

treated soils , a net loss of nitrogen occurs in all cases .

In addition,

g r eater losses are observed to have occurred in th e "N-Serve" treated

so il.

The plant litter ame nded soils show a slight gain i n nitrogen

in the Artemisia a nd Ceratoides tr ea ted soils , while a ne t loss was

observ ed in the Atriplex tr ea ted so il.

In the former two soils, the

s light gain in nitrogen is probably due to the va riation in the Kjeldahl
dete rmination.

15 N fixation by soil crusts.
2
Table 14 gives the 15 N fixation data by the Curlew Valley and Pine
2
Valley c rusts.

As can be see n, the Curlew Valley Ceratoides site crust

had fixed the greates t amount of

15

crus t had fixed the least, 0.30 11 g
15

N (5 .15 11g ), while the Pine Valley
15

N.

N f lux in soil crust decomposition.
Table 15 gives the

15

N analysis of the crusts following a post-

fixation incubation in the dark.

It is observed that most of the fixed

15 N resides in the organic fraction, while detectable levels of 15 N in
th e

No;

and

No;

fraction were ni l .

si t e soil experienced the greatest

However, the Curlew Valley Artemisia
15

N loss due to denitrification (38.4

percent), while the Pine Valley soil had the least (13.3 percent).
15 N0 - reduction.
3

The data for the nitrate reduction potentials fo r Curlew Valley and
Pine Valley is s ununarized in Table 16.

It is observed that approximately

89

Table 14.

15

N fixation by soil crust.
2

Site

~g 15N2 fixed/g soil/10 cm 2 /24 hrs
Mean + S.D.

Curlew Valley - Artemisia

1. 33 (±_0.18)

Curlew Valley - Ceratoides

5.15(±_0.11)

Curlew Valley - Atriplex

0.41(±_0.04)

Pine Valley

0.30(±_0.004)

90
15

Table 15.

N flux in soil crust after 7 days incubation.

N Fraction
Site:

JJ&

Curlew Valley - Artemisia

15
Organic
N
Total

15

0. 82 (±<l. 07)

N

Ini tial total
Site:

Mean + S.D .

.9..:.Q_

3

To tal

15

N

15

1.33(±0.18)

4.07(::+:0.31)

N

Total 15 NH +
4
15NO- + 15N02

0. 29(±0 · 03)
0.0

3

15

Total

N

4. 36(±0· 28)

15
N
Initial total

5 . 15(±0 . 11)

Site :

15.3

Curlew Valley - Atriplex
15

Or ganic
15

N

0.23(::+:0.001)

+
NH

0.10(±0.011)

4
15NO- + 15NO2
3
15
Total
N

0.0

o. 33(::+:0. 013)

Initial total
Site:

16

N

19 .5

0.41(±0.04)

Pin e Valley

Organic

15

0.21(::+:0.003)

N

+
Total
NH
4
l5NO- + 15N015

2

Total

38.4

Curlew Valley- Ceratoides

Organic

To tal

% Loss

0.13 (±<l. 01)

4
15NO- + 15N015

N/g Soil

0.69(±<l.003)

+
NH

2

15

0.05(::+:0.009)
.9..:.Q_

3

15

0.26(±0.06

N

In itial total

15

N

0.30(+0.004)

13.3

15

N
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Reduc tion of added K15 No

Table 16.

Curlew Valley- Artemisia

Total

15

fo llowin g a 7- day incubation period.

~g 15N/g soil

N Fraction
Site:

3

% Loss

15

Mean+ S .D.
9.10(±_0. 52)

N

15N0-

3. 34(±_0. 23)

15N03

29 .97(±_2. 39)

2

42.41(±_2.22)

Total
Init i al
Site :
Total

15

N0 3

96.8

56.2

Curlew Valley - Ceratoides
15

5.22(±_0.52)

N

l5N0-

5.08(±_0.34)

15N03

21.20(±_10.0)

2

Total

31. 5(±_9. 8)

Initial 15N03

96.8

Site:
Total

67.5

Curlew Valley - Atriplex
15

4.98(±_0 . 01)

N

6.19(±_0.75)

15N02

26 . 03(±_2.4)

15N03

37.2(±_3.08)

Total
Initia l
Site:
Total

15

No;

96.8

61.6

Pine Valley
15

N

17 .11(±_0 .11)

l5N0-

6. 52 (±_1. 84)

l5N03

25.07(±_4.01)

2

Total

48. 7(±_5.95)

Initial 15 N03

96.8

49.7

N

92
50 to 67.5 percent of the applied
Most of the remaining

6.5

~g

of

15

15

15

N labeled nitrate is denitrified.

N resides in the nitrate form while 3.3 to

-

N0 -N has been reduced to nitrite, and 5 to 17
3

~g

of

15

N

+

labeled nitrate has been r educed to either NH -N or organic nitrogen.
4
Ammonification potential.
Table 17 summarizes the ammonification potential data.

The initial

a nd final values fo r organic nitrogen, NH:, and ~o; + NO; are given.
It is observed that apporximately 50 to 60 percent of the applied casein
has been ammonified.
Glucose potentiated heterophic fixation .
The glucose potentiated nitrogen fixation data is summarized in
Table 18.

In all three Curlew Valley soi l s, grea t er activity occurs at

zz•c than at 37•c.

However, the reverse is true for the Pine Valley

soil.
Inhibition of glucose potentiated fixation by plant material extracts.
The allelopathic inhibition on glucose potentiated nitrogen
fixation is given in Table 19.

For the Curlew Valley soils, a 46.8

to 90.8 percent inhibition of nitrogen fixation is observed to have occurred a t zz•c, while a 76 to 97 percent inhibition occ urr ed at 37•c.
However, the soil treated with Artemisia tridentata extract failed to
show any r eduction in fixation potential at this temperature.

The Pine

Valley soils show a 44.4 to 100 percent inhibition at zz•c but a 43 . 9
to 97.3 percent reduction at 37•c.

Again, the soil receiving treatment

with Artemisia spinescens extract experienced less inhibitory influences
at 37°C than at zz•c .

Table 17.

Ammonification potentials of soil crusts after 7 days of incubation (mean values expressed
as

~g

N/g soil).

Site
Pine Valley

Curlew Valley

Initial organic N
Final organic N

% Ammonification

Artemisia

Ceratoides

At rip lex

Mean + S.D.

Mean + S.D.

Mean + S.D.

Mean + S.D.

1814.4(:t88.4)

1856.4(±31.2)

1914.8(±108)

1426.0(±55.6)

735.2(±26.7)

885. 6(±31. 2)

1006.4 (±41. 3)

538.4(±22 . 0)

59.5

52.3

47.4

62.2

Initial No; + No;-N

2.8(±1.6)

1. 6(±2. 7)

3. 6(±1.1)

0. 0(±0. 41)

Final No; + No;-N

3. 6(±2. 5)

3.2(±3 . 3)

4.4(±1.9)

2 . 4 <±2. 3)

'"'w

Table 18.

Glucose potentiated heterotrophic nitrogen fixation (mean values expressed as nm C H /2 g
2 4
soil/24 hrs).

22•c

37•c

(+) Glucose

(-) Glucose

(+) Glucose

(-) Glucose

Mean+ S.D.

Mean + S.D.

Mean + S.D.

Mean+ S.D.

Curlew Valley - Artemisia

0. 339(±0 . 19)

0.021(±0.009)

0.024(±0.01

0

Curlew Valley - Ceratoides

0.40(±0.36)

0.019(±0.017)

0.167(±0.24)

0

Curlew Valley - Atriplex

0.924(±0.29)

0. 015(±0. 02)

0.772(±0.18)

0.004(±0.006)

Pine Valley

0.018(±0 . 016)

0

0. 75(±0. 22)

0

Site

"'

~

Table 19 .

Inh ibi tion of glucose potentiated heterotrophic nitrogen f ixation by plant material ex tract
(mean values expressed as nm

c2H4 /2

g soil/24 hrs).

22°C
Site

nm

c2H4

37° C
% Inhibition

Mean + S.D.
Curlew Valley - Artemisia
Con trol
Curlew Valley - Ceratoides
Control
Curlew Valley - Atriplex
Control
Pine Valley - Art emisia
Control
Pine Valley - Ceratoides
Control
Pine Valley - Atriplex
Control

0.059(!:_0.021)

46.8

90 . 8

100.0

0. 018(±0. 016)

0.04(.:!:_0.04)

76.0

0.023(±_0.008)

97.0

0.421(±0.43)

43 . 9

0. 75(±.0.22)
44 . 4

0 . 325(±_0.58)

56.7

0.75(±_0.22)

0.018(.±.0.016)
0.002(±_0.005)

0

o. 772 (±_0.18)

0.018(±_0.016)
0.01(.:!:_0.016)

0.037(.±0.02)

0.167(±_0.24)

0.924(.±0.29)
0

% Inhibition

0.024(.±0.01)

0. 40(.±0 . 36)
0.085(±_0.03)

c2H4

Mean + S.D.
82.6

0.339(.±0 . 19)
0. 213 (±0 . 20)

nm

88.9

0. 02(±_0. 78)

97 . 3

0. 75(±_0.22)

"'
V>

96
Inhibition of glucose potentiated fixation
by plant litter ex tract and "N-Serve".

The influences of plant litter extract and "N-Serve" on the

heterotrophic nitrogen fixation potentials is summarized in Tabl e 20.
It is observed that the litter extracts from Artemisia and Atr iplex
produce a greater inhibition on heterotrophic fixation than does "N-Serve".
However, the reverse is true for the Ceratoides soil .

Acetylene reduction:

light versus dark anaerobic incubation.

Table 21 summarizes the data for a post-light fixation incubation
in the dark.

It is noted that in both of the Ceratoides and Atriplex

so ils, considerable acetylene reduction had occurred during the dark
incubation period.

However, the Artemisia soil demonstrated no nitrogen

fixation capabilities during the same incubation period.
Acetylene r eduction:

light versus dark aerobic incubation.

The effect of a post-fixation incubation in the dark under aerobic
condi tion is given in Table 22.

It is observed that none of the soil

cr us ts reduced acetylene when incubated under aerobic conditions.
Plate counts of heterotrophic nitrogen fixing bacteria.
The plate counts of heterotrophic nitrogen fixers at the initial
time and after 24 hour and 3 week incubation periods are given in Table
23.

From these data, noticeable increase in the plate coun ts occur

after the 24 hour light incubation period.

However, no gains or losses

in the count occur when the crusts are incubated in the dark for 3 weeks.

Table 20.

Inhibition of glucose poten t iat ed heterotrophic nitrogen fixation by plant litter extract
an d "N- Serve" /24 hrs.

Plan t Litter Ex t r act
Site

nm

c2H4

% Inhibition

Mean + S.D .
Curlew Valley - Art emis i a
Control
Curlew Valley - Ceratoides
Control
Curlew Valley - At rip l ex
Cont r ol

o. 234(±_0 . 16)

31.0

0. 924(±_0. 29)

c2H4

% Inhibition

0. 074 <±<>· 03)

21.8

0 . 339(:±:0.19)
0

0. 40(±_0. 36)
0.626(±_0.51)

nm

Mean + S. D.

0.339(±_0.19)
0. 431 <±<>. 25)

N-Serve

0.133(±_0. 04)

33.3

0 . 40(:±:0.36)
32.3

0 . 073(±_0.073)

92.0

0.924(±_0.29)

'"'....
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Table 21.

Acetylene reduction by soil crust.

Light versus dark

incubation I.*

nm
Site

c2H4 /1.33

2
em /24 hr

Dark

Light (10,000 lux)
Mean + S.D.

<±1.1)

Mean + S.D .

Curlew Valley - Artemisia

0 . 965

Curlew Valley - Ceratoides

0.067(±0.076)

0.613(±0.614)

Curlew Valley - Atriplex

0.0

0.237(±0.09)

0.0

*After incubation in the light for 24 hrs, samples were incubated in the
dark fo r 7 days under sealed conditions.

Acetylene was introduced at

t i me zero only (See Materials a nd Methods).
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Table 22.

Acetylene reduction by soil crust.

Light versus dark

incubation II.*

nm
Site

c2H4 /1.33

2
em /24 hr

Light (10,000 lux)
Mean + S.D.

Curlew Valley - Artemisia

nm

c2H4 /7
Dark

Mean+ S.D .

11. 64(~_9. 2)

0.0

Curlew Valley - Ceratoides

6. 38(~0. 80)

0.0

Curlew Valley - Atriplex

1. 7l(±lJ. 73)

0. 0

*The cores were incubated aerobically for 6 days in the dark.

Acetylene

was introduced at time zero and after the sixth day of incubation
(See Materials and Methods) .

Days
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Table 23.

Plat e counts of heterotrophic nitrogen fixing bacteria.
Si te :

Curlew Valley .

Site
Time

Artemisia

0

12

X

10

24 hours (light incubation)

64

X

10

21 days (dark incubation)

54

X

10

5
5
5

Ceratoides

13x 10
50

X

10

48

X

10

5
5
5

Atri2lex

15

X

10

144

X

10

196

X

10

5
5
5
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Acetylene r ed uc tion by ground soil crust
du ring a dark incubation period.
Table 24 illustrates the data for the acetylene reduction potential
by ground soi l cr ust when incubated in the dark.

As can be seen , con-

siderab le activity has occurred in each of the thr ee soils.

An es timate

for eac h soil is also made on the amount of nitrogen which could be fixed
in 100 g of soil .

Thus, 1 t o 2

~g

N per 100 g of soil may be potentially

fixed.
Total N of plant material and plant litter ext r acts.
Table 25 illustrates the total N analys is of the plant material
a nd plant litter extracts.

Except for the Curlew Valley Artemisia

and Pine Valley Ceratoides extracts, the t otal N of the pla nt material
extracts varies from 1.68 to 1.98 mg N/g.

For the Curlew Va lley

Artemisia extract, 6.51 mg N/g was determined, while the Pine Valley
Ceratoides extrac t had 4.36 mg N/g.
The plant litter extracts in the Curlew Valley samples were lower
than the plant material extrac t s, ranging from 0.79 to 1.38 mg N/g.
C/ N ratios of Curlew Valley soil crusts
To quantify the amount of car bon and nitrogen in the surface soil
c rusts, the per cent carbon and nitrogen was determined.
summarizes thes e results.

Table 26

The percent carbon in the soil crusts varie s

around 2 percent, while the percent nitrogen varies from 0.18 to 0.26
percent.

Thu s , the C/N ratio for all three Curlew Valley soil crusts

varies between 9 and 12.
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Table 24.

Acetylene reduction by ground soil c rus t incub ated in the
dark for 21 days.

Calculated
Site

nm

c2H4 / 2

g

~g

N Fixed/100 g
2

Mean + S.D .
Curlew Valley - Artemisia

0 . 699(.±_0 . 4)

0.98

Curl ew Valley - Ceratoides

0. 969(:!:1. 28)

1. 36

Curlew Val ley - Atriplex

1. 28 (:f:l. 3)

1. 79
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Ta ble 25.

Tot a l N of plant material and plant litter extract s (values
expressed in mg N/ g plant sample .

Plant Material
Extract

Site

Plant Litter
Extract

Mean + S.D.

Mean+ S.D.

Curlew Valley - Artemisia

6. 51(±.0. 78)

o. 80(±.0. 70)

Curlew Valley - Ceratoides

1. 75(±.1. 31)

1. 38(±.0. 90)

Curlew Valley - Atriplex

1.99(±.1.88)

1.05(±.1.46)

Pine Valley - Artemisia

1.80(±.1.28)

N.D.

Pine Valley - Ceratoides

4.37(±.1.6)

N.D.

Pine Valley - Atriplex

1.68(±.0 . 43)

N.D.

N.D.

No Data.
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Table 26.

C/N ratios of Curlew Valley soil crusts.

%c

%N

C/N

20 April 1976

2.04

.21

9.7

9 July 1976

Sampling Data
Site:

Artemisia

2. 21

. 24

9.2

19 July 1976

1.92

.18

10.7

4 August 1976

2.80

.23

12 . 2

25 Augu s t 1976

l. 70

.18

9.4

20 April 1976

2.15

.20

10.8

9 Jul y 1976

2.06

.22

9.4

19 July 1976

1.90

.19

10.0

4 August 1976

2.10

.22

9.6

25 August 1976

1.80

.18

10.0

20 April 1976

2.33

.25

9.3

9 July 1976

2.36

.21

11.2

19 July 1976

2.30

.23

10.0

4 August 1976

2.70

.26

10.4

25 August 1976

1.90

.21

9.1

Site:

Site:

Cera to ides

Atriplex
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Gross microscopic observations.
The microscopic examination of the soil crusts are given in Table

27.

As can be seen, both Curlew Valley and Pine Valley share blue-green

algal genera in Nostoc, Lyngbia, Phormidium, and Oscillatoria in common.
Microcoleus was not observed in the Pine Valley soils; however, the green

alga Chlorococcum was frequently encountered on rock surfaces at this
site.
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Table 27.

Slime producing algal genera observed on Curlew Valley and
Pine Valley surface soils.

Site

Cyanophyta

Chlorophyta

Microcoleus

None
Observed

Curlew Valley

Phormidium

Oscillatoria
Pine Valley

Chlorococcum

Phormidium
Oscillatoria
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DISCUSSION
Heterotrophic nitrogen fixation.

The data given in the nitrogen balance sheets (Tables 8 ,27,28, and
29) demonstrate net gains in nitrogen.

All of the experimental systems

were incubated in the dark for 3 to 5 weeks, thus strongly suggesting that
the net gain in nitrogen is due to heterotrophic fixation.

Upon further

inspection of these data, it is observed that greater gains in nitrogen
are achieved by the untreated soils incubated for five weeks over those
soils incubated three weeks .

Thus, a 2.2 fold gain in nitrogen is ob-

served for the Artemisia soil, and a 4.3 fold increase for the Ceratoides
soil.

The nitrogen content of Atriplex soil d id not increase.
If these observed increases in nitrogen are trul y due to biological

+ would be expected to inhibit or reduce nitrogenase

processes, then NH
activity.

4

The rat e of application of (

mental sys tems was 30

~g

15

NH ) so in all of the experi4 2 4

N per gram of soil.

Inspection of the data in

Tables 8 and 27 through 29 show definite inhibitions or reductions in
the net gain of nitrogen.

In the five week experiments, the net gain

in nitrogen for the ammonium sulfate treated Artemisia and Ceratoides

air dried soils represents a 41.6 and 33.8 percent reduction in nitrogen
fixation when compared to their respective untreated soils.

Again, the

Atriplex soil was the exception with no reduction in nitrogen gain.

The

ammonium sulfate plus plant material amended soil shows greater reductions
in nitrogen gains.

In this case, a 54.5 percent reduction for Artemisia

soil, a 48.8 percent reduction for Ceratoides soil, and a 58.7 percent
reduction for the Atriplex soil.

Possibly both NH: and some allelopathic

inhibitor(s) are repressing nitrogenase activity.
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DISCUSSION
Heterotrophic nitrogen fixa t ion.

The data given in the nitrogen balance sheets (Tables 8 , 27 ,28, and
29) demonstrate net gains in nitrogen .

All of the experimental systems

were incubated in the dark for 3 to 5 weeks, thus s tr ongly suggest ing t hat
the net ga in i n nitr ogen is due to heterotrophic fixa ti on .

Upon further

inspect i on of these data, it is observed that grea t er gains in nitro gen
are achieved by the untreat ed so ils incubated for five weeks over those
soils incubated three weeks.

Thus, a 2.2 fo ld gain in nitrogen is ob -

se r ved for the Artemisia soil, and a 4.3 fold increase for the Ceratoides
soil.

The nitrogen content of Atriplex soil did not increase .
If thes e observed increases in nitrogen are truly due to biological

processes, th en NH
activi t y .

+ would be expected to inhibit o r reduce nitro genase
4

The r a t e of a pplication of (

mental systems was 30

~g

15

NH ) so in all of the experi4 2 4

N per gram of soil.

Inspection of the da t a in

Tabl es 8 and 27 through 29 show definite inhibitions or reductions in
the net gain of nitrogen.

In the five week expe riments , the net ga in

in nitrogen for the ammonium s ulfate treated Artemisia and Cera toides
air dried soi ls represent s a 41.6 and 33.8 per cent redu c t ion in nitrogen
fixation when compared to their respective untreated soils.

Again, the

Atriplex soil was the exception with no reduction in nitrogen gain.

The

ammonium sulfate plus plant material amended soil shows greater reductions
i n nitrogen gains.

In this case, a 54.5 percent reduction for Artemisia

soil , a 48.8 percent reduction for Ceratoides soil, and a 58.7 percent
r eduction for the Atriplex soil.

Possibly both NH

inhibitor(s) are repressing nitrogenase a c tivit y.

+ and some alle lopathic
4
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Inhibition of dinitrogen fixati on or r educ ti on in nitrogen gain i s
a l so o bserved in the ammonium sulf a te trea t ed s oil s in cuba t ed [ o r t hr e e
we eks .

In these soil s , a 78.4 perc e nt reduc tio n in nitro g e n f ixa tio n has

occ urr ed in the Artemisia soil, a 55.6 perc ent reduction in the Ceratoid e s
so il, and a 100 percent redu c tion in the Atr i plex so il.

Furth er, when

these same soils are compared to their five-week counterpart experiments,
reduction in nitrogen gain are also observed.

These comparisons represent

a n 83, 84, and 100 percent r eduction in nitrogen gain for the Artemisia,
Ceratoides, and Atriplex soils.

+

Thus, the inhibitory influence of NH

4

on nitrogenase activity is greater after three weeks than after five
weeks.

All of the other three-week experiments demonstrate an inhibition

or reduction on nitrogen gain when compar ed to their untreated counter-

parts.
These data suggest, then, that the available ammonium in soil is
preferentially utilized as a source of nitrogen rather than relying on
the more energenically expensive dinitrogen fixation process.
true for any heterotrophic nitrogen fixing bacterium.

This is

Furthermore, the

additions of freshly picked plant material, plant litter or "N-Serve"
restricts the cycling of nitrogen by the allelochemic inhibition of
nitrogen fixation (plant material), the immobilization of nitrogen (plant
litter) and the inhibition of nitrification ("N-Serve").

Thus, the

observed redu ction in nitrogen ga in (reduced heterotrophic nitrogen
fixation) is of no real surprise, as the heterotrophic fixation process
is inhibited either by the presence of an allelochemic inhibitor, the
presence of ammonium-nitro gen (applied or retained by plant litter or
"N-Serve"), or both.
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Other evidence supporting the occurrence of heterotrophic nitrogen
fixation is also found in Tables l , 2, 3 , 5, 6, and 7.

Whenever a net

gain in nitrogen occurred, an increase in the organic nitrogen fraction
was always noted.

The observed acetylene reduction (Table 24), by ground soil crust
when incubated in the dark for three weeks also provides additional
s upportiv e evidence for the presence of heterotrophic nitrogen fixation.
Under these conditions, 0.699 to 1.28 nanamole s of ethylene was produced.
Furthermore, glucose potentiated acetylene reduc tion verifies the exis -

tence of these microorganisms (Table 18), as well as the plate count
numbers on a nitrogen free medium (Table 23).
It is of interest to note that from the colonies appearing on the
nitrogen free medium, a gram variable, subterminal, spore formin g bacilli
was observed to reduce acetylene after twelve days.

Based on co lonial

and cell morphologies, the organism is similar to the nitrogen fixing
bacterium, Bacillus

£0~.

Rigorous identification of the organism

and repea ted demonstration of the ace t ylene reduction property has not
been establ ished.
Ryc hert (1975) was also able to provide evidence for the existence
of heterotrophic nitrogen fixing microorganisms in Curlew Valley soils.
In glucose potentia ted soils, 10 to 290 nm

c2H4 /48

hrs was produced in

the dark.

+

Knowles and Denike (1974) have reported on the effect of NH
nitrogenase activity in soil.

4

on

In a 1 percent glucose amended sandy loam

soil, nitrogenase activity was partially repressed by a concentration

of 50 ~g NH:-N/g soil.
to 0.1 percent, 5

~g

However, when the glucose amendment was dropped

+

NH - N partially suppressed nitrogenase activity.
4

110
Thu s , th e conc e ntra tion of nitrog e n r equired to inhi bit nitroge nase

a c tivity was dependent upon the conc entra tion of the carbohydrat e .

Tha t

i s , the lower the amount of an available energy source, the lowe r the

fixation potential, and thus, a lower amount of NH

+ would be required to
4

inhibit nitrogenase activity (Knowles and Denike, 1974).
In the soil crusts of Curlew Valley, the carbon content is approximat e l y 2 percent.

Based on the data of Knowles and Denike (1974), a

carbohydrate concentration of 2 percent would require 100
s oil.

~g

+

NH -N/g of
4

However, bec ause the carbohydrate content of these soils is not

in the f orm of glucose, a partial repression of nitrogenase activity by
30

~g

NH+-N would be realistic .
4
One might also consider the possibility of the observed increases

in soil nitrogen being due to dark fixation by the blue-green algae.
The data presented in Table 18 tend to discourage this suggestion, as

very little to no ethylene production occurs in the glucose unamended
soils after a 24 hr incubation in the dark .

Further, Rychert (1975)

was not able to detec t a ny ethylene production when these soils were
similarly incubated for 48 hrs.
Fay (1976) has reported on factors influencing dark nitrogen
fixation by the blue-green alga Anabaenopsis circularis.

It was observed

that cultures transferred from the light to the dark retained acetylene
reduction activity for up to 72 hours only when supplemented with 0.03 M
glucose .

Non-glucose supplemented cultures were found to retain activity

for only 6 hours.
In the experiments reported herein, the soils were incubated in the

dark for three to five weeks.

Thus, it would be unlikely that the ob-

served gains in nitrogen are due to dark fixation by the blue- green algae.

lll

Furthermore, since e thylene produ c tion was det ected afte r a thr ee -week

dark incubation period, it is s uggested that the available organic matter
must first be degraded and made avai l able to the organisms before
nitrogenase activity can occur .

The nitrogen balance s heets in Tables 4 and 11 to 13 also define a
threshold value for heterotrophic nitrogen fixation based on the initial
total nitrogen of an experimental system .

If the initial total nitrogen

was below 90 mg N/100 g soil, nitrogen fixation was followed with an
increase in so il organic nitrogen (Tables 1,2,3,5, and 6).
In order for heterotrophic nitrogen fixation to occur, an energy

source must be available ln the form of organic carbon.

The source of

this carbon may be the organic matter produced by the observed blue-green
algae Lyngbia, Microcoleus, Phormidium, and Oscillatoria (Table 27) .
Further, Brock (1975) has also reported on massive bacterial associations

with the sheaths of Microcoleus isolated from Great Basin crust near
Mud Lake, Idaho.
Significant increases in the bacterial plate counts on nitrogen free

media (Table 23) indicates the possibility of the bacterial population
r esponding to the input of carbon by the photosynthetically ac tive soil
algae.

Hence, a phycosphere (Greek, phykos

= seaweed

+ sphere

= range

of

influence) like effect may be created in the environment of the algae .
Thus, the exudation of carbon compounds by the primary production of
the algae would allow heterotrophic nitrogen fixation to occur in the
immediate vicinity of these primary producers.
Earlier in this discussion, the possibility of allelopathic in-

hibitions on nitrogen fixing microorganisms was re fe rred to.

Tables 19

and 20 show the existenc e of potential allelopathic inhibitor y effects on
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heterotrophic nitrogen fixers.

Furthermore, the chemical agent, "N-

Serve", was also found to be inhib1tory (Table 20).
from 33.3 to 92 percent.

The inhibition varied

Of the inhibitory effects produced by the plant

litter extrac t, 0 to 32.3 percent of the acetylene reduction capability
was inhibited.

Possibly the inhibition of nitrification in the one case ,

and the immobilization of nitrogen in the other case might cause such
inhibitory influences.

Howeve r, Table 25 also reveals that the litter

extracts have a total nitrogen content of 0.79 to 1.38 mg N/g plant
litter.

This is equivalent to 15.9 to 27.5

Rychert (1975) showed that 25

~g

~g

N/ml of added extract .

NH+-N produced a 78 percent inhibition
4

on nitrogenase activity in soil cr usts.

Furthermore, Table 25 also

shows that the plant material extracts have total nitrogen contents of
1.68 to 6.51/mg N/g plant material .

Since these extracts may be easily

degraded in the soil, their inhibitions should be classified as potential
allelopathic inhibitors, as no clear cut differentiation can be made between a truly allelopathic inhibitor or an inhibition due to NH+ release.
4
As a final note on heterotrophic nitrogen fixation, the data presented
in Tables 21 and 22 suggest that the fixation mechanism may be microaerophilic.

The greatest amount of reduced acetylene occurred in the crusts

which remained unopened following the lighted incubation period .

When

the crus t s were allowed to reduce acetylene for 24 hrs following a 6
day exposure period to air, no detectable traces of ethylene were produced.

Thus, the unopened cores probably achieved microaerophilic con-

ditions with the consumption of 0

2

within the soil.

Nitrogen loss.
In all of the (

15

.
15
NH ) so experiments, the loss of
N was approx4 2 4

imately 75 to 80 percent.

Based on the data given in Tables 35 to 37,
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and Table 16, 50.7 to 64.3 percent of the applied (
15
to 67.5 percent of the applied K NO

3

15

NH ) so and 49 .7
4 2 4

was lost due to denitrification

during 1 week of incubation.
The data suggest that a primary effect occurs when inorganic
nitrogen is applied to these Great Basin soils .
This would result in a rapid increase in the activity of Nitrosomonas, Ni trobacter, and in the denitrifying population.

The greatest

amount of ammonia volatilization occurred during the first week of incuba-

tion, followed by a rapid decline.

During the same period of time, the

Nitrosomonas, Nitrobacter, and denitrifying population may be undergoing
a lag phase, and thus their ability to oxidize ammonium or r educe nitrate

would be initially low.

The exac t length in the lag time is unknown,

but based on the data given in Tables 35 to 37 and Table 16, it is less
than seven days.

Data by Skujins and West (1974) have shown that the nitrifi cation
potentials of these soils indicate a four-day lag period prior to the
appearance of nitrite - nitrogen, and 10 to 12 day period for nitratenitrogen.

The soil pH reported herein was observed to increase during the
first week of incubation, followed by a decline during the remaining
four weeks.

This suggests the formation of H+ concurrent with the

appearance of nitrite and nitrate anions.

In the plant amended soils (Table 31) the nitrite fraction had
atom percent excess

15

N values of 0.42 to 1.62.

These atom percent

excess values were also greater than the percent enrichment of
in the non-plant material amended soils (0.000 to 0.081).
no s ub stant ial increase in

15

15

No;-N

Furthermore,

N labeled organic nitrogen has been observed .
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Thus, these data s ugg es t that an a ll elopathic inhibition may be exerted
on the Nitrobacter popula tion by the added plant material.

Therefore,

as the Nitrosomonas population is primed and oxidizes ammonium-nitr ogen

to nitrit e-nitrogen, the Nitrobacter population is inhibited, thus
allowing the nitrate to be reduced to ni tro gen or nitrous oxide by the
denitri fyi ng populat ion.
In the (
15

15

Hence , the observed 80 percent lo ss of

15

N.

NH ) so amended soils substantial losses of th e a pplied
4 2 4

N also occ urr ed .

This suggests that denitrification will occur even in

the absence of an a llelopathic inhibitor .

Whether t he app lied

15

N is

ox idized to nitrite-nitrogen a nd subsequen tly denitrified, or completely
oxidized t o nitrate-nitrogen a nd denitrified i s not r eal l y of importance.
The occ urr ence of denitrific a tion is the c rucial point.
Surface applied "N-S erve" failed to completely prevent the oxidation
o f a mmonium-nitroge n.

Since volatilization of ammonia in these soi l s

i s high , a nd the rate of vola tilization does not drop off after the
first week of incubation, it is possible that the "N-Serve " is blocking
nitrifica tion.

As the soil dries, however, the "N-Serve" is lost, thus

making the ammonium ion available fo r nitrificat i on .

This indicates,

then, that if a soil is to be treated with a surface application of "NServe 11 , th e soil must be mo ist for the

11

N-Serve" to be effe c tive.

Additions of plant litter failed to prevent the loss of the applied
15 N.

The da ta given in Table 10 show the presence of both nitrite and

nitra t e-n itrogen, a nd in Table 42, most of the
form.

15

N is in the nitrate

Apparently, the addition of organic matter from the plant litter

did not immobilize the nitro gen but, rather, supplied an accessible
energy source fo r denitrification.
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The nitrogen balance sheets given in Tables 11 to 13 also define a
possible thr es hold value for denitrification.

Whenever the initial total

nit r ogen exceeded 110 mg N/100 g soil , net denitr ification occurred.

This sugges ts dependence on the soil crust C/N ratio is low, nitrogen
would be non-limiting and denitrif ica tion may occur.

Assuming a loss in

carbon due to mic robial respira tion, deni trif ica tion becomes immobilized.

Thus, a higher C/N ratio would s ub sequently occur.
The C/N ratios of the soil crusts r eport ed in Table 26 va ries between
9. 1 and 12 .2.

Such r atios in cul tivated soils a re considered to be low,

thus allowing nitrogen to be mineralized.

Table 16, however, indicates

15
nit ra t e assimilation of the applied K No .
3

These values r ep r esen t a

5.1 to 17.8 percent assimilation rate.
Kai, et al. (1969) have proposed that immobilization is a constant
and ongo ing process regardless of the C/N ratio .
lated

15

N0 -N, this appears to be true .
3

In view of th e assimi-

Therefore, does a C/N ratio of

10 necessarily imply that the mineralization of nitrogen will occur ?
Skuki ns and West (1974) have reported the C/N ratios of these s ur face
soils to be as low as 6.7 and as high as 11.1.

In an arid system suc h

as Curlew Valley, a ratio above 10 might be considered high, particularly
at the crust microenvironment.

15

Skujins and West (1974) have also shown that as
is released into the soil within a few hours as
nitrifi ca tion and denitrification.

~

N is fixed, it
2

+
NH and subject t o
4

In their study, the predominat e form

of nitrogen lost to the atmosphere was 15 N o and accounted for a t o t a l
2
loss of 13 percent after seven days of incubation at room temp er a tur e .
The data i n Tabl e 15 agrees with this r epo rted value, as 13.3 to 38 .4
perce nt of the fix ed

15

N was also lost due to denitrifi ca tion.
2
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The soil carbon assumes importance in denitrification as it repre-

sents th e energy source.

The major source of soil carbon may be via

the primary production by algae, or from litter fall by vascular plants.
Table 27 lists sheathed blue-green algae isolated from Curlew Valley
soil crusts, which are characterized by slime production (Prescott, 1970).
Data presented in Tables 10 and 42 indicate the inability of ground-plant
litter to prevent denitrification by the immobilization of nitrogen.
Verma and Martin (1976) have reported on the decomposition of algal
cells.

One of the genera examined was Microcoleus which was shown to

have 36 percent of its cell wall components decomposed in 2.5 days.
Only 12 percent of these components were incorporated into humic acid,
and 10 percent into fu lvic acid.

The carbohydrate content of the extra-

cellular polysaccharides was found to be 68 percent.
As mentioned ear lier, Brock (1975) has reported massive bacterial

associations with the Microcoleus sheaths.

Hence, in the Great Basin

soil crus ts, a phycosphere-like effect is again suggested, also allowing
denitrifica tion to occur.

Ammonification.

The ammonification potentials of Curlew Valley and Pine Valley
soils have been summarized in Tables 15 and 17.
for the total

15

The values reported

NH:-N in Table 15 represents a 48.1 percent ammonifica-

tion potential for the Artemisia soil, 21 percent for the Ceratoides
soil, 48.8 percent for the Atriplex soil, and 30 percent for the Pine
Valley soil.

The values for the Artemisia and Atriplex soils compare

favorably well wi t h the potentials given in Table 17.

The values given

in Table 17 show a 47.4 to 62.2 percent ammonification rate, suggesting
that the casein is hydrolyzed more easily than the labeled

15

N organic
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nitrogen.

This implies, then, that the ammonification process may be

considered as the rate limiting step for denitrification.
ported by the data in Tables 35 to 37, and in Table 15.
15

Thi s is s upApproximately

NH ) so is lost during a seven day
4 2 4
15
incubation, while 13.3 to 38.4 percent of the fixed
N2 is denitrified

50 to 60 percent of the applied (

during the same time span.

ll8
CONCLUSIONS
In this study the following conc lusions have been reached:
1.

The algal population in the Curlew Valley and Pine Valley soils

appear to be dominated by the sheathed blue-green algae.
2.

The association of bacteria with the sheathed blue-green algae

s uggests a phycosphere -like effect, thus allowing heterotrophic nitrogen
fixation and denitrification to occur.

3.

Measurements of heterotrophic nitrogen fixation in the laboratory

have been found to be as high as 17.5 mg N/100 g soil for three week
incubated soils, and 45.9 mg N/100 g soil in five week incubated soils.
Additions of ammonium sulfate or ammonium sulfate plus plant material
reduces the net gain in nitrogen.

4.

The ammonification of fixed nitrogen is the apparent rate-

limiting step in nitrogen loss.

5.

Fifty to six ty percent of the applied

nitrified during the first week of incubation.

15

+
15 - .
NH 4 or
N0 1s de3

In longer incubation

periods, 70 to 80 percent of the applied 15 NH: may be denitrified.

The

addition of "N-Serve" or plant litter reduced the amount of denitrified
15

N, while plant material additions had neither a positive nor a negative

effect.

6.

Ammonia volatilization represents a nitrogen loss of less than

5 percent of the applied 15 NH:.

However, these losses are greater than

the reported values from soils held at a constant moisture (Skujins and
West, 1974).
7.

The additions of plant material and "N-Serve" enhanced the vol-

. d 15 NH+ .
ati 1e loss o f appl1e
4

The addition of plant litter redu ced vol-

atile losses to a limited degree.
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Tnbl e 29.

15

N fr ac tions from ( 15 NH ) so amended , air-drying soils
4 2 4
after 35 days. Init ial 15N content = 912 ~g .
Soil

~g

So il

N Fra c tio n
Site:

Art emis i a (Figure 5)
15

+

Exchangeable
NH - N
4
.
15 +
F1xed
NH -N
4
Or ganic 1 \
15 NO- - N
2
15NO--N
3
lSNH - N (vola t i li zed)
3
To t al
Site :

At om %
15

Excess

% Loss

N

lSN

Mean+ S.D.
0. 006(_±0 . 002)

.002

24.5 2 (:!:2 .10)

.4 25

45 . 69(±_2 . 62)

.053

0 . 00
48.20 (±_2. 30)

. 000
. 676

0 . 23
87.0

118.7(±_7.9)

Ce ratoides (Figure 6)

Exc han geable lSNH+-N
4
16 +
Fixed
NH -N
4
Organic 15N
15 NO- -N
2
15NO--N
3
15
NH - N (vola tili zed)
3
To t a l
Site:

lSN / 100 g

0.002(±_0 . 003)

. 001

28. 76(±_4 . 64)

.426

72.45(±_10.48)

.07 4

0.00
41.86(±_2.07)

.000
. 522

8 . 38
83 . 4

151.5 (±_5 . 9)

Atr i J2lex (Fi gure 7)

15 +
Excha ngea bl e
NH -N
4
15 +
Fixe d
NH -N
4
Or ganic l SN
15 NO--N
2
15 NO--N
3
15
NH -N (vo l a tilized)
3
To t al

0.064(±_0.05)

. 014

21.60(±_2.05)

. 392

42 . 87(±_1. 71)

.043

0 . 66(±_0 . 21)

.081

58.77(±_0.26)

.648

21.44
145 . 4(±_6.9)

84 . 0
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Table 30.

15

N lost as volatilized NH

3

from

c15NH 4 ) 2so 4

+ plant material

amended, air-drying soils after 35 days (all values expressed
as

~g

912

15

NH -N from 100 g of soil).*
3

In itia l

15

N content =

~g.

Site
Time

Artemisia

l

Ce ratoid es

2

Atri)2lex

7 days

2.20

16.56

28.36

14 days

0.36

2.52

4.05

21 days

0.17

0.33

0. 33

28 days

0 . 58

0.19

0 .15

35 days

0 . 01

0.31

0.15

Total

3 . 32

19 . 91

33.04

% Volatilized

0.36

2.18

3. 62

*Data represent single determinations.
1
2
3

Figure 8.
Fi gu re 9.

Figure 10.

3
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Table 31.

15

15

NH ) so +plant material amended,
4 2 4
15
air-drying soils after 35 days. Initial
N con tent
Soil

N fractions from (

912 IJg.

)Jg
N Fraction
Site:

Artemisia (Figure 8)
15

+
NH -N
4

3

15 NH -N (volatilized)
3

Total

N

% Loss
l5N

Mean + S. D.
54.06(_:!:5.6)

4.66

21.45(_:!:0.86)

0.306

60. 77(_:!:1.86)

0.067

27.86(_:!:5 . 67)

l. 62

21.93(_:!:3.86)

2.41

3. 32
189.4(_:!:31. 7)

15

+

NH -N
4

3

NH -N (volatilized)
3
Total

Site:

Atom %
15

Excess

79.2

Ceratoides (Figure 9)

Exchangeable
.
15 +
F1Xed
NH -N
4
15
N
Organic
15 NO--N
2
15 NO--N
15

N/100 g

Soil

Exc hangeable
.
15 +
F1Xed
NH -N
4
15
Organic
N
15 NO--N
2
15 NO- -N

Site:

15

82.01(_:!:3.2)

7.81

21.91(_:!:0.47)

0.291

80.84 (_:!:1. 81)

0.083

28.27(_:!:2.21)

0.849

74.03(_:!:2.62)

0 . 661

19.91
307.0(_:!:27.3)

66.3

Atriplex (Figure 10)

15 +
Exchangeable
NH -N
4
.
15 +
F1xed
NH -N
4
15
N
Organic
15 NO-- N
2
15 No- -N
3
15
NH - N (volatilized)
3
Total

84. 08(_:!:4.1)

5.46

22.97(_:!:0 . 55)

0 . 324

70 . 71(_:!:1. 90)

0.080

8.82(_:!:1.43)

0 . 42

30.05(_:!:4. 78)

l. 99

33.04
249.8(_:!:47.0)

72.6
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Table 32 .

F t est variance analysis betwe pn initial and final t o t a l N
values for the 35-day expe riments.

Test
Statistic*

Expe r iment

F

tl

.05

Rejection of
Null Hypothesis
2
2
Ho : '\ = 02

Uname nd ed (Co ntrol)
Soils, 35 days:
Art emisia Si t e

5 . 93

19.0

No

Ce r a toid es Site

0.22

19.0

No

At riel ex Site

0.69

19.0

No

Artemisia Site

1. 21

199.5

No

Ceratoides Si t e

0.12

199.5

No

Atrielex Site

4.33

199.5

No

Artemisia Site

0.32

199.5

No

Ceratoides Site

11.96

199.5

No

Atriel ex Site

13.44

19 9.5

No

15
NH ) so Amended
4 2 4
Soils, 35 days:
(

15

( NH4)2S04 + Plant Material
Amended So ils, 35 days:

*F

Variance of initial total N/variance of final total N.
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Table 33.

90% confidence intervals for the F test variation analysis of
the 35-day experiments.

Experiment

90% Confidence Interval*

Untreated (Control)
Soils, 35 days:
Artemisia Site

0.31

<

Ceratoides Site

0.01

<

At riplex Site

0.04

2 2
0/01
2 2
ol/ol
2 2
ol/o2

<

<

112.76

<

4.18

<

13.11

15

NH ) so Amended
4 2 4
Soils, 35 days:
(

2 2
o/o 2

Artemisia Site

0.006

Ceratoides Site

2 2
0.001 < o/o < 2. 22
2
2 2
0.02 < o/o < 80.15
2

Atriplex Site

<

<

22.4

15
NH ) so +Plant Material
4 2 4
Amended Soils, 35 days:
(

Artemisia Site

0.002

Ceratoides Site

0.06

<

Atriplex Site

0.07

<

<

2

01

2

02

<

2 2
o /o < 5.92
1 2
2 2
o /o < 221.38
1 2
2 2
o /o < 248.77
1 2
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Table 34.

15

N lost as volatilized NH

3

from

c15NH 4 ) 2 so 4

amended, air-

drying soils after 21 days (mean values expressed as
15

NH 3-N volatilized from 100 g of soil).

content = 912

Initial

15

~g

N

~g.

Site
Time

Artemisia

1

Ceratoides

2

Atriplex

3

Mean+ S. D.

Mean± S.D.

Mean ± S.D.

7 days

11. 55-(~4. 95)

19.45(±4.42)

39.96(±4.04)

14 days

1. 06(±0. 78)

0.46(±0.23)

0.45(±0.42)

21 days

~(±<J.l8)

0.12(±0.09)

...1:.:..!2 <±1. 4 5)

12.80(±2 . 86)

20.03(±4.44)

41. 56(±1.13)

1. 40

2.20

4.56

Total Volatilized
% Volatilized

1
2

Figure 14.
Figure 15.

3Figur e 16.
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Table 35.

15

15
NH ) so amended, Artemisia Site*
4 2 4
15
air-dryin g soil after 21 days . Initial
N content = 912 ~g .
Soil

N fractions from (

~g

15

N Fraction

Time:

% Loss
15N

Mean + S.D.

8.8(~0 .97)

0.966

15.9(.±_0.16)

0.265

70.84(±2.2)

0.088

0.0
249.1(±3.09)

0.0
15.47

11.55
356.2(±2.2)

60 . 9

14 Days

Exchangeable 15 NH+-N
4
15 +
Fixed
NH -N
4
Organic 15N
15NO--N
2
15 NO- -N
3
15NH -N (volatilized)
3
Total
Time:

Atom %
15N

Excess

7 Days

15 +
Exchangeable
NH -N
4
15
Fixed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15
NH -N (vola tilized)
3
Total
Time:

N/100 g

Soil

20.03(±5 .9 )

3.18

11.39(±0.48)

0.178

59.52(±5.85)
0.0
206 . 32(±8 . 11)

0.077
0.0
10.69

12 .61
67.4

297 .3(±5 .4)

21 Days

Exchangeab le 15 NH +-N
4
Fixed lSNH +-N
4
15
Organic
N
15 NO--N
2
15 NO--N
3
15NH -N (volatilized)
3
Total

*Figure 14.

5.18(±4.11)

0.673

20. 48(±1.18)

0.318

77.93(±7.33)

0.094

0.00
138.43(:!:8 . 65)

0.00
6 . 18

12.8
242.0(±17.7)

73 .5
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Table 36.

15

15

NH ) so amended, Ceratoides Site*
4 2 4
15
air-drying soil after 21 days. Initial
N content = 912 ~g.
Soil

N fractions from (

llg

15

N Fraction
Time:

7 Days
15 +
Exc hangeable
NH -N
4
.
15 +
F1Xed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15
NH - N (volatilized)
3
Total
14 Days
15 +
Exchangeable
NH -N
4
.
15 +
F1xed
NH 4 -N
Organi c 15N
15 NO--N
2
15 NO--N
3
15
NH -N (volatilized)
3
Total

N/100 g

Soil

Atom %
15

Excess

N

% Loss
15N

Mean+ S.D .
116 . 42 (±0. 90)
23 .28 (±0 .92)
76 . 45(±0.45)
0.0
213.8(!:6.0)

27.72
0.308
0.089
0.0
10.69

19.45
50 . 7

449.4(±15.4

Time:

21 Days
15 +
Exchangeable
NH -N
4
.
15 +
hxed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15
NH - N (volatilized)
3
Total

6.80(±3.24)

1. 62

10.93(~0 .05 )

0.135

77.1(~7.08)

0.092

0. 0
237.9(~8.3)

0.0
7.80

19 . 91
61.4

352.7(~18.2)

Time:

*Figure 15.

5.02(_±0.95)

0.636

12. 05(_±0. 77)

0.179

69 . 14(_±6.44)

0.086

5 . 01(_±0 . 32)

2.18

94 . 55(_±10 . 4)

2.12

20 . 03
205.8(_±2. 7)

77 . 4
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Table 37.

Soil

15

N fractions from (

15

NH ) so amended, Atripl ex Sit e*
4 2 4

air-drying soil after 21 days .

Initial

~g 15 N/l00
N Frac tion

Time:

7 Days

.

15

Organic

+
NH -N
4
15

+
NH -N
4

N

104. 4(:!:_6. 90)
0.0

2

15 NO--N

49.62(±1.1)

3

NH -N (volatilized)
3

14 Days
15

Exchangeable
15 +
Fixed
NH -N
Organic

15

+
NH -N
4

4

N

15NO--N

15

N

% Los s
l5N

10.72
0.624
0.134
0.0
8.86

39 . 96

8.94(±<J. 75)

3
3

Total

1.49
0 . 35

78.38(j::l0.1)

0.101

152.56(±9.5)

15NH -N (volatilized)

64 . 3

21.98 (±2. 42)
0.0

2

15 NO--N

Time:

Atom %
Exce ss

325.9(:!:_14.7)

Total
Time:

97 . 55(±0.7)
34.38(±2.18)

15NO--N
15

N content = 912 ~g .

Mean+ S.D.

15

Exchangeable
F1Xed

g

Soil

15

0.0

7.37

40.41
302.3(±18.1)

66.9

21 Days

Exchangeable
15 +
Fixed
NH -N

15

+
NH -N
4

5. 76(_±0.31)

1.31

4

22 . 52(±2.03)

0.383

Organic
N
15 NO--N
2
15 NO--N
3
15
NH -N (volatilized)
3
Total

20.94(±2.08)

0.030

15

*Figu r e 16.

4. 32 <:~:o. 90)

46. 9(±6.5)

1.44
1.97

41.56
142 . 0(±0.05)

84.4
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material amended, air-drying soils after 21 days (mean
values expressed as
Initial

15

~g

15

N content = 912

NH

3

volatilized from 100 g soil).

~g.

Site
Time

Artemisia

1

Cera to ides

2

Atriplex

3

Mean + S.D.

Mean + S . D.

Mean + S.D.

7 days

6.07(2::4.29)

23. 20(:!::1. 77)

62. 28(:!::11.. 2)

14 days

1. 44(.±_1. 64)

1. 60(:!::1. 36)

1. 79(:!::0. 70)

21 days

o. 44 (.±_0. 42)

~(±<J.ll)

~(.±_1.05)

7. 95 (.±_6 . 34)

25.09(.±_3.23)

64. 81(.±_23. 3)

2.75

7.11

Total Volatilized
% Volatilized

1
2

3

Figure 17.
Figure 18.
Figure 19.

0.87
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Table 39 .

15

15

NH ) so + plant material amended,
4 2 4
15
air -dr ying soils after 21 day s . Initial
N content
Soil

912

N frac tion s from (

~g.

~g 15 N/100 g
N Fraction
Site:

Soil

Artemisia (Figure 17)
15

+
NH -N
4

Exchangeable
15 +
Fixed
NH -N
4
Organic 15N
15 NO--N
2
15 NO- -N
3
15NH -N (volatilized)
3
Total
Site:

N

% Loss
l5N

Mean+ S.D.
8.17(±0.88)

1. 22

39 .4 7(±0.49)

0.51

70.97(±0.74)

0.074

0 . 62(_±0.41)

2.07

5 . 95(_±0. 7)

3.72

--.2.:.22 (±6 . 34)
85.4

132.8(±15.3)

Ceratoides (Figure 18)

15 +
Exchangeable
~~ - N
4
15
Fixed
NH +-N
4
15
Organic
N
15 NO- -N
2
15 NO--N
3
15
NH -N (volatilized)
3
Total
Site :

Atom %
15

Excess

6 . 96(±1.18)

1.07

13.2 2 (±0.82)

0 .1 57

91.67 (±1. 99)

0.089

1.39(±0.55)
83.0(±10.1)

0.24
1.52

25.09(±3.23)
75.7

221.3(±1.9)

AtriElex (Figure 19)

15 +
Exchangeable
NH -N
4
15 +
Fixed
NH -N
4
Organic 15N
15 NO--N
2
lSNO--N
3
15NH -N (volatilized)
3
Total

2. 82 (±1. 06)
21. 0(±1. 31)
52 . 7(±5.63)
0.0
45.5(±7.95)

. 706
0.298
0.064
0.0
1.06

64.81(±23.3)
186. 8 (_±6. 07)

79.5
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Table 40.

15

N lost as volatilized NH

3

from

c15NH 4 ) 2so 4

plus "N-Serve"

amended, air-drying soils after 21 days (mean values expressed as ~g
15

15

NH

N con tent = 912

3

volatilized from 100 g of soil).

Initial

~g .

Site
Time

?

3

Ceratoides-

Atriplex

Mean+ S.D .

Mean + S.D.

Mean + S.D.

7 days

30.57(±11.0)

32.87(:!:0.74)

14 days

6.67(±2 . 02)

2.09(:!:2 . 38)

2. 02 (_:!:(). 40)

21 days

0. 89(±0 . 32)

___l_,l2 (:!:1. 4 3)

__!:_Q2_ (_:!:() . 68)

36.11(:!:4. 54)

51. 96 (:!:7. 86)

3.96

5.70

Total Volatilized
%Volat ilized

1
2
3

Figure 20 .
Figure 21.
Figure 22.

Artemisia

1

38.1(±9.3)
4.17

48.87 (:!:9 . 0)
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Table 41.

15

15

NH ) so + "N-Serve" amended, air4 2 4
15
N content = 921 ~g.
drying soils after 21 days . Initial
Soil

N fractions from (

~g

N Fraction
Site:

Artemisia (Figure 20)
+
NH 4 -N

Exchangeable
15 +
Fixed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15 NH -N (volatilized)
3
Total

Atom %
Excess 15N

% Loss
15N

Mean+ S .D.
18.09(:J::O.l0)

3.23

15.55(.±_0.27)

0.220

141.0(.±_10.5)
3.28(.±_0.84)
170 . 1(.±_5.2)

0.16
0.36
4 . 21

38.13(.±_9 . 25)
57.7

386.1(.±_10.1)

Ceratoides (Figure 21)

15 +
Exchangeable
NH - N
4
15 +
Fixed
NH -N
4
Organic 15N
15 No- -N
2
15 NO--N
3
15NH -N (volatilized)
3
Total
Site :

N/100 g

Soil

15

Site:

15

13.80(.±_0 .10)

1. 55

13. 92 (:f::.l. 62)

0.176

55.57(.±_4.12)

0.063

1.06(.±_1.80)

0.56

177.0(.±_2.7)

4.42

36 .11(.±_4 . 54)
67 .4

297. 7(.±_8.4)

AtriElex (Figure 22)

15 +
Excha ngeable
NH -N
4
.
15 +
F1xed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15NH - N (volatilized)
3
Total

19.1(.±_0.26)
9.48(.±_0. 82)

2.27
0.158

38.32(.±_2.01)

0.046

0.57(.±_0.39)

0.30

107. 5(.±_2 .0)

3.63

51.96 (.±_7 . 86)
227. 9(.±_1. 7)

75.0

14 7

Table 42.

15

N lost as volatilized NH

3

from

c15NH 4 ) 2 so 4

+ plant litter

amended, air-drying soils after 21 days (mean values
expressed as
Initial

15

~g

15

N = 912

NH -N volatilized from 100 g of soil).
3

~g.

Site
Time

Artemisia

1

Me an + S.D.
7 days

1.02 (::1:_1.19)

Ceratoides

2

Atriplex

3

Mean + S.D.

Mean:!:_ S. D.

27 .21(::1:_6. 77)

32.63(::1:_7.24)

14 days

2.66(::1:_1.94)

2.53(::1:_0 . 35)

2 . 48(::1:_0.44)

21 days

0 . 38(::1:_0. 32)

0. 56(::1:_0. 37)

~(::1:_0.06)

Total Volatilized
% Volatilized

1
2
3

Figure 23.
Figure 24.
Figure 25.

2. 03(::1:_3. 45)

o. 22

30.3 (2:6 . 76)
3.32

35.4(::1:_6. 76)
3.38

148
Table 43.

15

15

NH ) so +plant litte r amended,
4 2 4
air-drying soils after 21 days . Initial 15 N content =
Soil

912

N fractions from (

~g.

~g

N Fraction

Site:

N/100 g

Soil

Artemisia (Figure 23)

15 +
Exchangeable
NH -N
4
15 +
Fixed
NH -N
4
Organic 15N
15 NO--N
2
15 NO--N
3
15
NH -N (volatilized)
3
Total
Site:

15

Atom %
Excess 15N

% Loss
15N

Mean.± S.D.
19.8(_±1.19)

6 . 60

23.8(_±2.19)

0.238

80.0(_±7.96)

0.109

7.47(_±0.05)
193.0(_±5.10)

0.0
5.08

~(_±3.45)

326.1(_±12.8)

64.0

Cera to ides (Figure 24)

Exchangeable
.
15 +
F1Xed
NH -N
4
Organic lSN

15

+
NH -N
4

lSNO--N
15 2
No - N
3
lSNH -N (volatilized)
3
Total

6.58(_±1.10)
49.0(_±2.43)
87.7(_±8.93)
0.09(_±0 . 06)
107.0(_±1. 70)

l. 29

0.657
0.105
0.020
1.66

30.3(+6.76)
280 . 7(_±3.80)

69.0

Site:

Atrielex (Figure 25)
15 +
Exchangeable
NH -N
4
.
15 +
F1.xed
NH -N
4
Organic 15N
15 NO- -N
2
15 NO--N
3
15
NH -N (volatilized)
3
Total

8.47(_±1.45)
34.0(_±1.34)
58 . 5(_±3.20)
6. 42(_±0. 77)
34. 8(_±2. 59)

1.21
0.463
0.080
0 . 49
2 . 16

~(_±6.76)

177 .6(_±14.1)

80.0
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Table 44.

F test variance analysis between initial and final total N
values for the 21-day experiments.

Test
Statistic*

Experiment

F
(l

.05

Rejection of
Null Hypothesis
2
2
Ho= al = a2

Unamended (Control)
Soils , 21 days:
Artemisia Site

Cera to ides Site
At ri!'l ex Site
(

15

0 . 71
0 . 78
0.66

19.0
19.0
19.0

No
No
No

0.94
0.90
1.19

19.0
19.0
19.0

No
No
No

1.58
1.36
1.53

19.0
19.0
19.0

No
No
No

2.70
2.78
1.61

19.0
19 . 0
19.0

No
No
No

0 . 97
0.95
1. 61

19.0
19.0
19 . 0

No
No
No

NH ) so Amended
4 2 4

Soils, 21 days:

Artemisia Site
Ceratoides Site
Atril'lex Site

15
( NH4)2S04 + Plant Material
Amended Soils, 21 days:
Artemisia Site
Ceratoides Site
Atri!'lex Site
15
( NH4) 2S04 + ''N- Serve "
Amended Soils, 21 days:
Artemisia Site
Ceratoides Site
Atri!'lex Site
15

NH ) so + Plan t Litter
4 2 4
Ame nded Soils, 21 days:
(

Artemisia Site

Ceratoides Site
Atri!'l ex Site

*F

s~/s; = Variance

of initial total N/va r iance of final total N.
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Table 45 .

90% confidence intervals for the F test va riation analysis of
the 21 - day experiments.

Experiment

90% Confidenc e Interval*

Untreated (Control)
Soils, 21 days:
Artemisia Site

0.04

<

Cera toides Site

0.04

<

Atriplex Site

0.04

<

Artemisia Site

0.05

<

Ceratoides Site

0.05

<

Atrip1ex Site

0.06

<

Artemisia Site

0.08

<

Ceratoides Site

0.07

<

Atriplex Site

0.08

<

Artemisia Site

0.14

<

Cera toid es Site

0.15

<

Atriplex Site

0.11

<

2 2
o /o
1 2
2 2
o/o 2
2 2
o/o 2

<

13.49

<

14 . 82

<

12.54

<

17.86

<

17.1

<

22.61

<

30.02

<

25 . 84

<

29.07

<

51.3

<

52.82

<

39.52

15

NH ) so Amended
4 2 4
Soils, 21 days:
(

2 2
ol/o2
2 2
o/o
2
,./;o2
1 2

15

NH 4 ) 2so 4 +Plant Material
Amended Soils, 21 days:
(

o2 /o2
1 2
2 2
ol/o2
2 2
o/o 2

15

NH ) so + "N-Se r ve"
4 2 4
Amended Soils , 21 days:
(

1

Fvlv2

Fvv
2 1

2 2
ol/o2
2 2
ol/o2
2 2
ol/o2

152
Table 45 Continued.

90% Confidence Interval*

Experiment

15

NH ) so +Plant Litter
4 2 4
Amended Soils, 21 days:
(

Ceratoides Site

2 2
0 . 05 < al/ a2 < 18.43
2 2
0.05 < a/a < 18.05

At riplex Site

2 2
0 . 09 < al/a2 < 30 . 59

Artemisia Site

*sl2
2
s2

2

Fv v
Fv v

1 2

2 l
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Table 45 Contin ued.

90% Confidence Interval*

Experiment

15

NH ) so +Plant Litter
4 2 4
Amended Soils, 21 days:
(

Artemisia Site

0.05

Ceratoides Site

0.05

Atrip1ex Site

*8 12
28

2

1
Fv v
1 2

0.09

Fv v
2 1

<
<
<

2

2

2

2

2

2
< 30.59
2

a/o 2
al/a2

o/o

<

18. 43

<

18.05
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